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SOLVENT EFFECTS ON MEROCYANINE SPECTRA !

by.E. G. McRae>
Department of Chemistry, University of Western Australia, Nedlands,

Western Australia, and Department of Chemistry, Florida State
University, Tallahassee, Florida.

(1) Taken in part from a thesis submitted by E.-G. McRae for the
degree of M. Sc. at the University of Western Australia.

(2) Part of the work was carried out under a contract between
the U. S. Air Force, Office of Sclentific Research, ARDC, and the
Florida State University.

(3) Present address: Department of Chemistry, Indiana University,
Bloomington, Indiana.

(Abstract)

Solvent effects on the visible absorption spectra of three
merocyanine dyes are described. The dyes comprise two (I and II)
of exceedingly high polarity, and a third (III) less polar than

I and II but still highly polar by ordinary standards.
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The absorption curves, values of the extinction coefficient and
frequency at the absorption maxima (€ pax and Y pax respectively)
and oscillator strengths are given for I dissolved in pure
solvents, and for dyes II and III in a varilety of both pure and
mixed solvents. For each dye, € pax 2nd Y max undergo pro-
nounced solvent effects, but the oscillator strengths are in-
sensitive to solvent perturbations. The results are discussed
in terms of a simple theory in which the combining states are
considered as superpositions of a polar and a non-polar resonance
structure. A more detailed theory is applied in the interpre-
tation of the frequency shifts induced by non-hydrogen bonding

solvents.
I. INTRODUCTION

The visible absorption spectra of highly polar merocyanine

dyes undergo extraordinary solvent effects. The phenomena were

first reported by Brooker and his collaborators,u’5 who studied

(4) L.G.S. Brooker, G. H. Keyes, R. H. Sprague, R. H. Van Dyke,
E. Van Lare, G. Van Zandt, F., L. White, H.W.J. Cressman and
S. G. Dent, J. Am, Chem. Soc., 73, 5332 (1951).

(5) L.G.S. Brooker, G. H. Keyes and D. W. Heseltine, J. Am. Chem.
SOC., _'23,, 53!50 (1911)0

the spectra of several merocyanines diséolved in pyridine - water
mixed solvents., It was found that variation of the percentage
water content of the solvent gives rise to pronounced changes of
both the maximum extinction coefficients, € poyy and the corre=-

sponding frequencies, )’nmx’ at the visible absorption maxima.

D s . _ g i
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The main qualitative features of the solvent effects have

been described in a recent review by Brooker.6 For an

(6) L. G. S. Brooker, Experientia Supplementum II (XIV the
International Congress of Pure and Applied ChemistriTj 229 (1959).

exceedingly highly polar dye in a pyridine - water or lutidine -~
water mixed solvent, the progressive addition of water to the
solvent leads to a shift of ¥ . to higher frequencies, with

a concomitant diminution of € poy. The curve of € nax ¥SeY max
has the shape of the "highly polar™" branch of the curve shown in
Fig. 1. The arrow indicates the effect of adding water to the
solvent. The opposite behavior is exhibited in the case of a
dye which is comparatively weékly polar (but which may still be
fairly highly polar by ordinary standards). Here, the plot of

€ max ¥S+ VY max resembles the "weakly polar" branch (Fig. 1).
For dyes of intermedlate polarity, the initial addition of water
to a pure pyridine or lutiding solvent has an effect qualitatively
similar to that observed with weakly polar dyes. Upon further
progressive addition of water to the solvent, € p,y and ¥ pax
pass through extreme values, and the subsequent differential
solvent effect 1is quelitatively 'similar to that observed with
exceedingly highly polar dyes.

For convenience in a. subsequent discussion, we shall refer
to points on the € pax vs. ) pax Plot as "solvent representative
points" for the dye in question.' The point on the .plot at which
€ pax attains its maximum value will be called the "reversal point",

and will be thought of as the junction of the two branches.7
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(7) Fig. 1 is slightly 1dealized in that the minimum of Y o is
shown to coincide with the reversal point. Actually, the

two extremes do not exactly coincide, although in most but not
all cases they lie quite close together,

With this nomenclature, the above deseription of merocyanine
solvent effects may be summarlzed as follows: for exceedingly
highly polar dyes, the representative points for pyridine - water
or lutidine - water solvents lie on the highly polar branch, for
relatively weakly polar dyes they 11; on the weakly polar branch,
and for dyes of intermediate polarity they straddle the reversal
point.

The work reviewed by Brooker6 is extensive in that it en-
compasses the spectra of dyes covering a wide range of polarity.
However, the published data pertain only to the absorption
maxima, and the solvents used were limited largely to pyridine -
water and lutidine - water mixtures. In this paper, we give a

more detailed description of solvent effects on the visible

absorption spectra of three of the merocyanines previousl& studled
L,5 '

by Brooker et al. of the three dyes, I and II, which have
the same pair of end-groups, are exceedingly highly polar, while

III has intermediate polarity.8 The absorption curves of II

(8) T and II are labeled XII (n = 1 and n = 2 respectively) in
ref. 4, and III is labeled V 1n ref. 5.

in pure solvents have been given by Bayliss and McRae, in a

9

preliminary report on the present work.

(9) N. S. Bayliss and E. G. McRae, J. Am. Chem. Soc., 74, 5803 (1952)...
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Taken together with the data previou;ly published by Brooker
et gl,h’s our results provide an overall picture of solvent
effects on merocyanine band frequencies, i{ntensities (oscillator
strengths) and band shapes. This information is thought to be
of particular interest in view of several recent discussions -

of the origins of golvent effects on merocyanine spectra.

(10) W. T. Simpson, J. Am, Chem. Soc., 73, 5359 (1951).
(11) J. R. Platt, J. Chem, Phys., 25, 80 (19%6).
(12) E. G. McRae, J. Phys. Chem., 61, 562 (1957).

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9



Declassified in Part - Sanitized C
opy Approved for Release @ 50-Y|
-Yr 2013/09/13 : CIA-RDP81-0104
; - 3R002300040009-9

b
I1I. EXPERIMENTAL.

Solvents: - Most of the solvents used in this work have

been described in a previous paper,13 and the remaining solvents

(13) N. S. Bayliss and E. G. McRae, J. Phys. Chem., 58, 1006 (195%).

are described below. Except where other references are given,
the physical constants 1n parentheses are those quoted by

Timmermans.1

(1%) J. Timmermans, nphysico-chemical Constants of Pure Organic
Compounds", Elsevier Publishing Co., Amsterdam, 1950.

Aniline of a technical grade was dissolved in hydroéhloric
acid, and the main impurity, nitrobenzene, was removed by steam
distillation. The aniline hydrochloride was neutralized, and
gteam distilled. The distillate was dried with potassium
hydroxide, and fractionated twice under reduced pressure. It
was stored in the dark over potassium hydroxide pellets, and
fractionated again immediately pefore use. B. E. ou°c/35mm.
(g4/35)3%5 0 1.5860 (1.5863).

(15) Landolt-Bornstein, wphysikalisch-Chemlsche Tabellan", 5th Ed.,
Eg. I1II C, Springer, Berlin, 1935, P. 2462,

Dioxane of British Drug Houses Technical grade was refluxed
for ten hours with 1/10 its volume of 0.1XN nydrochloric acid.
It was then allowed to stand for one day over s odium hydroxide
sticks, and fractionated, It was kept in the dark and used
within one week of purification. B. E. 101.6°g (101.4) 3
np20 1.4215 (1.4214).
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Formamide was prepared from ethyl formate by the method

16

of Slobodin et al,” and the product was fractionated under

(16) Ya. M, Slobodin, M, S, Zigel and M. V. Yanishevska, J.
Applied Chem. (U.S.S.R.) 16, 280 (1943). See Chem. abstr, 39,
702 (1949).

reduced pressure., The formamide was again fractionated imnedi-

ately before use. B. P. 1169/39.2 mm.; np°0 1.M482 (1.M475).
Pyridine of a grade conforming to British Drug Houses

Analar standards (Judex analytical reagent) was allowed %o stand

for one week over sodium hydroxide sticks, refluxed for ten

hours over freshly burned calcium oxide, and fractionated.

B. P. 115.2°C (115.%); n,%0+7 1.5106 (1.5106).

Buffer solutions: For the pH range 5.0 - 8.0, McIlvaine's

standard buffer solutions17 were prepared, using Analar grade

(17) "Handbook of Chemistry and Physics", 24th Ed.,, Chemical
Rubber Publishing Co., 1940, p. 1374,

reagents, The solvent of pH 9 was a 0,05 molar solution of

Analar grade borax,

Merocyvanine Dyes: Pure merocyanine dye samples were supplied

by Dr. L. G. S. Brooker,

Solutions: In so far as permitted by the dye solublilities,
the dye solutions were prepared to give a minimum transmlssion
reading between 20 and 70%. This corresponds to a dye concen-
tration in the vieinity of 5 x 10'6M. Where practicable,
golutions of known dye concentration were prepared, Weighed
1 mg. dye samples were dissolved, and the resulting solutions

diluted either by volume or by welght. The latter me thod was
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used for most of the solutions in mixed solvents. Volume di-
lutions were carried out with a standardized 5 ml., pipette
and standardized 25 ml, flasks. Where welght dilution was
employed, the dye molarity was calculated with the aid of the

tabulated densities of the mixed solvents in question.18

(18) Landolt-Bornstein "Physikalisch—Chemische Tabellen"
5th ed., Springer, Beriin, 1935,

Spectra: Except in the tests of Beer's law (see below),
all spectra were measured with a|Beckman spectrophotometer,
model DU, using matched 1 ém. Corex cells.

Frequencies, Y (cm'l), were obtained from the wavelength
settings, no vacuum correctlons being applied, The molar ex-
tinction coefficilents, €, were calculated according to the
formulas

€ = (1/cd) logy, (100/1),
where ¢ denotes the molarity, 4 the path length in em,, and I
the percentage transmlssion reading. Oscillator strengths, f,
were calculated from the absorptlon curves according to the

19

formula

(19) R, S, Mulliken and C. A, Rieke, Rep. Prog. Physics 8,
231 (19&1)

£ = %.32 x 1079 fcdy
Errors: The errors in the determination of )) max Tanged

from 20 to 50 cm‘l, depending on the band width,

The errors in the measurement of absolute extinetion co-

efficients, which were essentially concentration errors, did
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not exceed 5%, In several cases 1t was not posslble to measure
extinction coefficients, because of sparing dye solubllity. In

these cases, € was estimated by adjusting the area under

max
the absorption curve to correspond to the oscillator strength of
the dys dissolved in water. The Justification of the procedure
rests on a particular result of the present work, namely that

the oscillator strengths are rather insensitive to solvent per-
turbations. The percentage error of € max determined in this way
is considered not greater than the total percentage variation

of oscillator strength, viz. 20% (Sec. III).

In merocyanine spectra, the visible absorption band is not
overlapped appreciably by bands at higher frequenciesj; conse~
quently the same errors in the oscillator strengths were only
slightly greater than those in the extinction coefficients,

In a few cases, which are noted individually in the next
section, the errors were probably greater than indicated above,

In the cases in which a comparison is possible, our results
agreed with those of Brooker et gl,h’s within the limits of
error quoted above,

Tests of Beer's Law: Beer's law tests were carried out

using a Beckman spectrophotometer, model DK, with 0.1, 2.0 and

10.00 cm, cells. The spectra of dyes I and III were measured in
5

the concentration range 3 x 10'7 to 3 x 10 ’M, Most of the

measurements were carried out at concentrations near the middle

of this range (v 9 x 10"6M)ﬁ The solvents in each case were

pyridine - water mixtures. The solvent for dye I contained 90
mole % pyridine, and that for dye III, 80 mole % pyridine. 1In
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both cases, Beer's law was obeyed well within the dilutlon error,
and there was no detectable change of band shape throughout the

hundred-fold range of concentration.
III. RESULTS.

The solvents used 1n this research are 1isted in Table 1,
together with their designations in the figures, their relevant
physical properties, and the values of some derived proper ties
thought to be of importance in the {nterpretation of the solvent
effects (Sec. IV).

Dves I and II: The results obtained with dyes 1 and II dis-
golved in pure solvents (Table 2, Figs. 2,3) are qualitatively
similar, the solvent effects being somewhat less pronounced in
the case of I. In the case of dye II, the results include the
effects of mixed as well as pure solvents (Table 3, Fig. k).

The absorption bands of dves I and II in 0.26N hydrochloric
acid lie at higher frequencles than the corresponding curves for
water solvent. The absorption curves obtained at lower acid
concentratlon passed through a well-defined i{sosbestic point,
indicating that the higher-frequency absorption 1is due to th,e~
protonated dye in each case.

Frequencies: The pure solvents induce increasing shifts to

higher frequencies in the order: @ioxane, chloroform, nitrobenzene,
pyridine, acetone, aniline, ethanol, formamide, water. As has

been pointed out previously,9 there 1s a sharp distinction

petween the effects of the hydrogen bonding solvents (last four
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mestbers of the above sequence) and the non~hydrogen bonding

20
solvents (first five members) .

(20 It is not clear whether or not. chloroform should be classified

as a hydrogen ponding solvent. Presumably it can form hydrogen

bonds with the dyes, yet jts solvent effect 1s intermediate be-
tween those of dioxane and pyridine. A similar result appeared

.4in the writer's analysis of solvent effects on the spectrum of
phenol blue;l2 there, it was found that the frequency shift pro-
duced by chloroform was close to that predicted for a non-
hydrogen bonding solvent having the same macroscopic properties.
In this papery chloroform will be considered provisionally as a
non-hydrogen bonding solvent.

In each case, the absorption of the protonated dye lies at
a higher frequency than that of the dye {tself dissolved in
water.

Intensities: The band intensities do not undergo pronounced
solvent effects, nor do they show any progressive variation with
the band frequency. Yet, for each dye, some of the observed
oscillator strengths differ significantly from the mean observed
oscillator strength., For example, acetone, and to a smaller

. extent, pyridine, appear to cause a relative intensification.
It 1is noteworthy that the intensity of absorption of the proto-
nated dye is nearly the same as that of the dye itself dissolved

in water.

Band Shapes: The absorption curves for dyes I and II in

dioxane each display a definite shoulder on the high-frequency
side. In the case of dye 1I, further. structure may be discerned
at still higher frequencies., With dye II, the vibrational
structure is developed even more strongly 1ﬁ benzene-rich -

penzene-acetone and benzene-pyridine mixed solvents, a second
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pealk appearing in each case, The separation of the peaks 1s

1030 + 100 em™t.21

(21) The absorption curves obtained with benzene~rich mixed sol-
vents changed slowly with time, probably because of the dye
crystallizing out. They are less accurate than the other curves,
but the frequencles were reproducible within the quoted linits

of error.

The structureless absorption curves become progressively
broader with i{nereasing shift to higher frequencies. On plotting
the corresponding solvent representative points for dye II, it
is found that within the limits of error in the determination of
€ max? they all lie close to a curve corresponding to the highly
polar branch. (Fig. 5, The values of € p,y for dioxane-water
solvents were determined on the assumption of a constant os-
cillator strength. The actual values m&y be as much as 20%
higher). It 1s interesting that the point for the protonated
dye lles neer the exirzpolated curve. The representative points
corresponding to the absorption curves with structure lie close
to a curve.corresponding to the weakly polar branch, between the
reversal point and the minimum of YV oo

Dve III: At first sight the absorption curves for dye III
in pure solvents (Table 2, Fig. 6) appear to bear no relation
to those obtained with dyes I and II. However, the results are
readlly rationalized with reference to the absorption curves
obtained with mixed solvents (Table 4, Fig. 7), and the € x
vs. ¥ —_— plot showing points for both pure and mixed solvents
(Fig. 8). Agailn, the solvent representative points all lile
close to a curve having the general shape of that shown in

Fig. 1.
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The visible absorption of dye 111 in water is the super-
position of the absorption of the dye itself and a higher-
frequency absorption attributed to the protonated dye. The ab-
sorption curves for the separate components (Fig. 6) were
obtained in buffer solutions of pH 9 and pH 6 respectively. At
intermedlate pH, the composite absor ption curves were fourd to
pass through a definite ysosbestic point. A similar result was
obtailned with the solvent ethanol, in which the composite ab-
sorption curve varied slowly with time. By observing the ab-
sorption over a period of a few hours, 1t was resolved into the
two curves shown in Fig. 6, the higher-frequency absorption being
attributed to the protonated dye. The curves obtained with
ethanol solvent are somevhat less accurate than the other curves
shown in Fig. 6. The absorption observed with the solvent formamide
is thought to be due to the protonated dye .

Frequencies: Of the pure solvents, ethanol has a repre-

sentative point closest to the reversal point. The representa-
tive point for water definitely lies on the highly polar branch
of the € .y ¥5. Y pax curve, while the points for the non-
hydrogen bonding solvents all appear to belong to the weakly
polar branch. However, on the weakly polar branch the solvent
order of increasing shift to higher frequenciles 1s not the reverse
of that observed with dyes I and II, as would be expected 1if
there vere a perfectly regular relationship between enmx and
Y max*

The consideration of band frequenc1e§ alone affords no

definite distinction between tﬁe effects of hydrogen bonding
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and non-~hydrogen bonding solvents. Perhaps the most concise
description of the effect of hydrogen bonding, in terms of ex-
perimentally observed quantities, is that it causes a displace-
ment of the solvent representative point in the arrow direction
along the emax vs. V max Curve (fig. 1). This does not
necessarily imply a large frequency shift.

Intehsities: Again, the band intensities appear to be
rather insensitive to solvent perturbations, although the vari-
ation of oscillator strength from solvent to solvent slightly
exceeds the experimental error in a few cases.

Band Shapes: The absorption curves correspondong to repre-
sentative points lying on the weakly polar branch display defi-
nite vibrational structure., A high-frequency shoulder or
second peak 1s observed in every case, together with some less
pronounced structure at still higher frequencies. As the sol-
vent representative point moves away from the reversal point,
the second peak grows up at the expense of the first, actually
surpassing it 'in intensity in the case of a benzene-pyridine

t.21

solven (Throughout, € ,., and Y .o refer to the lower-

frequency peak). The separation of the peaks 1s 1100 & 100 cm"1
(average of observed separations),

On the high~frequency side of the reversal point, the ab-
sorption curves undergo progressive broadening similar to that
observed with dyes I and II, The tremd extends to the absorption

curves of the protonated dye, the corresponding polnts lying

near the extrapolated € p,x ¥VS. Y pax curve (Fig. 8).
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Gross Features of the Solvent Effects: Tnasmuch as the

dyes I-III are typical members of the series of dyes studied
by Brooker et gl,u’s the gross features of the solvent effects
reported here are probably common to all merocyanine spectra.
They are as follows:

(1) TFor a given dye, all solvent representative points
1ie near part of a curve having the general shape shown in
Fig. 1. The particular part of the curve traced out by the
points for a given series of solvents depends on the dye polarity,
as indicated in Sec. I.

(2) The representative points for hydrogen bonding sol-
vents tend to be displaced in the arrow direction along the
€ max ¥Se Y max Curve (Fig. 1), compared with non-hydrogen
bonding solvents.

(3) Band intensities (oscillator strengths) are almost
independent of the solvent.

(4) As the solvent representative polnt moves away from
the reversal point on the weakly polar branch, at least one new
absorption peak grows up on the high-frequency side, at the ex-
pense of the lowest~-frequency peak, The peak separation 1s

1000-1100 em™,

IV, DISCUSSION

Frequency Shifts: The gross features of the frequency
shifts have been explained by Brooker6 in terms of the relative

solvent stabilization of the extreme polar and the non-polar
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pesonance structures. (IVa and IVD réspectively).
1

-

| |
0 ON—(c=¢-) =0

Brooker has jdentified the reversal point with the isoenergetic
point, 1l.e., the point at which thé two structures have the
same energy. The gituation in which the polar structure 1s

the more stable corresponds to the highly polar branch of the

€ max Y5 Y max curve, and the opposite situation corresponds

to the weakly polar branch.

Brooker's interpretation has been elaborated by Simpson,:l‘O
who has taken into account the interactions between many

resonance structure functions. However, the results of Simpson's

treatment are not in agreement with experiment,9 and the treat-
ment itself has been adversely criticized on the ground that
it is based on an over-simplified representation of the solvent-

solute interaction energy.22 Platt11 has pointed out the

(22) Y. Ooshika, J. Phys. Soc. Japan, 9, 59% (195%).

relationship between Brooker'!s interpretation and an-alternative
scheme in which the frequency shift is related to the relative

magnitudes of the dipole moment of the solute in its'grbund and

exclted state§.23

(23) Platt has attributed the latter m%thod of interpretation to
MoGonnel12* and to Baylliss and McRae,2) Actually, Platt's dis-
cussion represents an advance on the earlier work, which was
based implicitly on the assumption of a rigid solute dipole.
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(24) H., McConnell, J. Chem. Phys., 20, 700 (1952).
(25) N. S. Bayliss and E. G, McRae, J. Phys. Chem., 58, 1002 (1954).

Recently, the writer12 has given a general treatment of
frequency shifts arising from dipole interactions. It was shown
that the frequency shift may be expressed in terms of contri-
butions to the environmental electric field at the solute dipole
(all molecular dipoles being treated as point dipoles). In the

case of a merocyanine dye dissolved in a polar solvent, it was

proposed that as far as the relative frequency shifts induced by

different solvents are concerned, the most important contribution
to the environmental field is the field arising from the oriented
permanent dipoles of the solvent molecules., Denoting the latter
field by R, and neglecting all other contributions to the en-
vironmental field, the following expression was derived for the

frequency shift:

Rr(3/2h0) (ot, =) B (1)

o
&
Here, Y and V rer denote the band frequencies for the dye dis-

solved respectively in the solvent under consideration, and in

a non-polar reference solvent. On the right, h

and ¢ have the
usual meanings, ¥§ and o(g respectively signify the permanent
dipole moment and isotropic polarizability of the isolated solute
molecule in its ground electronic state, and M, stand for

the corresponding quantities for the excited s;étej The term

involving 32 represents the quadratic Stark effect,
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Tt has been shown that, with AE DA, and M, assumed

" parallel to M&’ Eq. 1 provides a satisfactory interpretation

of the gross features of the frequency shifts in merqcyanine
spectra, including the order of magnitude of the shifts. 2
From a purely qualitative viewpoint, the description 1s exactly
the same as that given previously by Platt.ll The important

new feature of the approach based on (1) is the introduction

of the field. intensity, R, as a parameter to which the frequency
shifts may advantageously pe referred.

Probably the most serious errors inherent in (1) are those
incurred through the neglect of environmental field contribu-
tions other than Re This implies the meglect of dispersive
interactions and interactlions of the solute permanent dipole-
solvent induced dipole type. In most cases apart from mero-
cyanine spectra, these interactions make an important if not
dominant contribution to the frequency shift. However, they may
be expected to play a relatively small part in the case of mero-
cyanine spectra, because of the high polarity of the merocyanines
compared with ordinary molecules. The extent to which this
expectation is realized 1s indicated in the following discussioﬁ'
of the results of the present workj this discussion is based at
first on Eq. 1.

Non~hydrogen Bonding Solvents: In the absence of hydrogen

ponding, the field intensity may be related to macroscopic
properties of the solvent. On the basis of the simplest possible
model for the solute 1n solution (point dipole at the center of

a spherical cavity in a homogeneous dielectric med ium) , together
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with certain other simplifying assumptions, there result312

- 2 -
a * 2 020-2 .

where a denotes the cavity radium, D the solvent dielectric
constant and ng the refractive index of the solvent at zero
fféquency. Combining (1) and (2), assuming ﬂé parallel to gg
in (1) and denoting the expression in brackets (BEq. 2) by F

(D, n,), we obtain:

Wiy per = (2/nead) Mg (g - M) E v (6/ b al
- 2
(vfg Ag) E° - (3)

According to (3), the band frequencies should vary regularly,
though not necessarily linearly, with E.

Figs. 9 and 10 show graphically the relationship between
F and the observed band frequencies for dyes II and III dissolved
in non-hydrogen bonding solvents. The corresponding plot for
dye I 1is similar to that for dye II. The values of E for the
pure solvents are taken from Table 1 (here and elsewhere in this
paper, all refractive indices are replaced by QQ for the purpose
of numerical calculation). For the benzene-pyridine mixed

solvents, the dielectric constants are interpolated from the

data of Lange.28 Tt .is seen that there is a definite though

(26) L. Lange, Z. Physik 33, 169 (1925).

imperfect correlation between the frequency shifts and the corre-

sponding values of F. The points obtained for dye II lie near
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a curve having the shape expected from (1) and (2), with
ﬁ& > 'Mg_ and o(ﬂ)acg.

The irregularities in the relationship between band fre-
quency and solvent E may be discussed in terms of the super-
posed effects of dispersive interactions and of interactions
of the dipole-induced dipole type; as noted above, both types
of interaction were neglected in the derivation of (1).

Dispersive interactions invariably give rise to a shift
to lower frequencies, relative to the vapor frequency (the
"general red shift"). The general red shift is expected to be
particularly large for strong bands such as appear in the
visible spectra of dyes, and the relative magnitudes of the

red shifts produced by different solvents are known to depend
12,22,26,27

primarily on the solvent refractive index,.

(27) The general red shift was called the "polarization red
shift" in ref. 25.

Dipole-induced dipole interactions are expected to produce

a shift to lower frequencles relative to the vapor frequency if
the solute dipole moment of the dissolved dye molecule 1s
greater in the excited state than in the ground statej; other-
wise, a shift to higher frequencies is expected, For a particu-
lar solute, the magnitudes of the shifts induced by different
solvents are expected to depend on the solvent refractive
1ndex.12’22f25

Accepting the above description of the dispersive'and
dipole-induced dipole effects, we,conclude that the dipole-
induced dipole shift augments the general red shift in the case
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of dye III and opposes it in the case of dye II. Upon ref-
erence to Figs. 9 and 10, we find that the most noticeable
irregularities occur with dye III in nitrobenzene and acetone.,
Now these two solvents have respectively the highest and the
lowest refractive indices of the series. By virtue of the
superposed effects of dispersive and dipole~-induced dipole
interactions, the two solvents are expected respectively to pro-
duce larger and smaller red shifts, compared with a reference
solvent of intermediate refractive index, than predicted on

the basis of the solvent F alone. The corresponding irregular-
ities in the case of dye II in nitrobenzene and acetone are
much less pronounced, as is expected in view of the partial
cancellation of the dispersive amd dipole-induced dipole shifts.
A similar explanation can be advanced for most of the remalining
irregularities; however, it is most likely that those irregu-
larities reflect the 1imitations of the simple theory in which
the solvent is treated as a homogeneous dielectric medium,

It is readily shown that the above discussion involves
quantities of the correct order of magnitude, The curves super-
posed on Figs. 9 and 10 represent the behavior predicted by (3),
with M

4
for each of the two dyes, gg - Mé = 0,05 Debye for dye II and

Mﬂ - Mé = -1.7 Debye for dye III. It may be noticed that the

curves are drawn on the assumption that the value of

(°<§ "‘e)/é; is the same for both dyes; this is to be expected

in view of the general similarity of the spectra of the two dyes.
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It is noteworthy that the difference between the ground and

excited state polarizabilities need not be particularly 1arge

to account for the observed trends. The chosen value of the

difference is about one-quarter of the contribution of a

strong visible transition to the ground state polarizability.
For strong transitions, such as those considered here,

the general red shift 1s given approximately by12

T 7 -1

;5 2g2 1

A Y (dispersive) = -2.14% x 10

where L and 1 respectively denote the "yeighted mean wavelength"
and refractive index of the solvent at the band frequency, £
denotes the oscillator strength of the transition in question,
and a again denotes the cavity radius. The minus sign indi-
cates that the shift is to lower frequencies, relative to the
vapor frequency. Adopting L = 1250 X, azbh R and £ = 0.8,

we obtain
2

Ip
2gD0-1

as a rough estimate (cm -1y of the general red shift. The

4 ¥ (dispersive) # 3300

1iteral application of the above formula (refractive indices
from Table 1) -accounts for a 1ittle over half the frequency
separation of the points on Fig. 10 for dye III in nitrobenzene
and acetone.

According to a formula given previousxly,.12 the dipole-

induced dipole shift, relative to the vapor fréquency, 1is
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given by

2 2
M -
A Y (dipole-induced dipole) = =& fé Do 5
ca

2n rl

Actually, the above formula does not apply accurately to the
merocyanines, because it is based on the assumption of a rigid
solute dipole. In a more elaborate discussion, we would have

to replace ¥3 and yé

—

by appropriate expressions for the dipole
moments of the dissolved dye. Bearing that in mind, the above
formula suffices to show that if, for the dissolved dye, the
ground and excited state dipole moments differ by less than

2 Debye, then the magnitude of the dipole~-induced dipole shift
is approximately equal to or less than that of the general

red shift,

We have shown, first, that the observed frequency shifts
display a definite though imperfect correlation with the sol-
vent F, which has been defined with a reference to Eq. 23
second, that the observed behavior conforms approximately to
that predicted by (3), with plausible values for the d%pole |
moments and polarizabllities of fhe dyes; third, that the most
noticeable discrepancies which do occur are of the nature and
approximate magnitude tq be expected from the superposition of
dispersive and dipole-induced dipole effects. The evidence
leaves little cause to doubt that the frequency shifts are
caused primarily by dipcle-dipole interactions, with the quad-
ratic Stark effect playing an important or dominant role,
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Hydrogen Bonding Solvents: Although the order in which

the hydrogen bonding solvehts induce shifts to higher fre-
quencies is the same as that of increasing F, it is clear from
the magnitudes of the shifts that they correspond, in a

formal sense, to values of R much larger than those calculated
from (2). It appears that the quadratic Stark effect makes a
dominant contribution to the frequency shift. '

Even when the quadratic Stark effect has been taken into
account, there seems to be no simple explanation of the results
in terms of hydrogen bonding. To take an extreme example, in
the spectrum of dye II, the solvent water induces a shift of
about 4500 cm~l to higher frequencies, referred to acetone.

If we allow 500 em™L for the change of E, there remains %000 em™L,
or about 12 Kcal/mole, to be accounted for by hydrogen bonding.
This appears to be too large a shift to be attributable to the
formation of a single hydrogen bond. Again the case of dye IT
the shift induced by water is about twice as great as that
induced by formamide, and about four times as great as that
induced by ethanol (all referred to acetone), though the three
solvents presumably form hydrogen bonds of about the same
strength. On the other hand, the band frequencies for dye II

in ethanol and aniline exceed by about the same amount (~ 1200 cm'l)
those expected on the basis of the solvent F alone,

We suggest that in the case of the solvent water, and
possibly formamide, two or more solvent molecules similtaneously

form strong hydrogen bonds with one dye molecule to form a com-

plex of structure V. In each of the dyes 1-III only one dye
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atom can be strongly hydrogen bonded, namely the carbonyl

oxygen. The formation of two or more strong hydrogen bonds
would therefore be sterically hindered or prohibited in
ethanol and aniline solvents.

This possibility has been considered previously for
another solute by professor G. Pimentel in a discussion of

solvent spectral shifts .20

(28) G. Pimentel, University of California, private communica-
tion to M. Kasha.

Intensities: A simple theory of solvent effects on mero-

cyanine band intensities has been proposed by MIcConnell.29

(29) H. McConnell, quoted by platt.tt

The theory 1s based on the assumption that the ground and ex-
cited electronic state functions for the strong visible transi-
tion may be considered as linear combinations of the electronic
state functlons appropriate to the isoenergetic point. Thié
assumption differs only formally from that upon which Brooker

vased his interpretation of the frequency ghifts. There nesuits
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£/t (%)

—

where £ and y respectively denote the oscillator strength
and frequency of a band, and the subsceript refers to the iso-
energetic point.

The theory 1is not supported by the results of the present
work. Whereas the frequencies of the bands of known inten-
sity undergo a total variation of 20% and 30% for dyes I and
II respectively, the oscillator strengths show no progressive
variation with band frequency beyond the experimental error
of 5%. With dye III, the band frequencies do not cover a
sufficiently large range to permit a valid test of the theory.

Band Shapes: Plattll has shown that Brooker's interpre-
tation of the frequency shifts can be extended to explain
the concomitant changes of band width. At the isoenergetic
point, the equilibrium nuclear configuration of the dye does
not change upon excitation, sO that only the 0-0 vibronic bBand
appears strongly. As the solvent representative point moves
away from the isoenergetic point, the equilibrium length of
each bond in the c-C chain suffers a progressively more pro=
nounced change upon excltation., According to the Franck-
Condon principle, this should lead to the growing up of
higher-frequency vibronic bands at the expense of the 0-0 band,
with frequency separations corresponding to the C=C stretch-
ing frequency.

The above interpretation 1is strongly supported by the
results of the present work. The absorption curves corre-

sponding to representative points near the reversal point and
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on the weakly polar branch show definlte vibratlonal struc-
ture, which changes in the predicted manner as the repre-
sentative point moves away from the reversal point. The
separation of the vibronic peaks (1000-1100 cm™t) is in satis-
factory agreememt with the C-C stretching frequency.
Vibrational structure does not appear in the absorption curves
corresponding to points on the highly-polar branch, probably
because of the blurring of structure normally associated with
strong solvent-solute interaction., Nevertheless, the broaden-
ing may be attributed to changes of the relative intensity of
the underlying vibronic transitions. It can be seen from the
absorption curves that if it were possible to plot € max
against the 0-0 frequency rather than against J/max, the highly-
polar and weakly-polar branches would be nearly superposed.

This tends further to substantiate Platt's interpretation,

since the ground and exclited-state potential energy curves for

C-C stretching are presumably nearly symmetrical near their

respective minima,
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TABIE 1
SOLVENT DESIGNATIONS AND PROPERTIES

b
Solvent o,

Benzene

Dioxane

Chloroform

Nitrobenzene

Pyridine

Acetone

Aniline

Ethanol

Formamide

Water

(a) Dielectric constant
. (p) Refractive index (sodium D line% 5
(c) F(D,np) = (R = 1)/(R + 2) - (pp” - 1)/(mp= r 2)
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TABLE 2
DYES ‘I-III IN PURE SOLVENTS

Solvent Vipax ¥ 10'“ (cm'l) €max X 10-3

T I 111 T, 11 I
Dioxane 1.86% 1.559 1.838 58,0 82.5" 53.0, 4
1,957P 52,6210

1.773 90 .4
Chloroform 1.883 1.570 4 gggb 74,0 103.5 50.4b 0.65 0.74
1. 89.0
13 66.5 92.9 u.pP

Nitrobenzene 1.920 1.629 0.63 0.79

1,768 8.0 ;
Pyridine 1.935 1.638 1,§g3b 80.5 112.8 Eg,ob 0.70 0.91

Kcetone 1.970 1.681 1 ooih 78.0 103.6 Lo'ob 0.7 0.94

Antline ‘ 1,986 1.690 === 67.5 793 - 0.64 0.82

'Bthanol’ - . 2.071 1.805 3333 51.0 5.7 p3a 0.62 0.85

Formamide - 2.115 1.890 2.3519 46,0 42,5 35.94 0.62 0.82

2.292 2,132 2,028° 37,5 36.7 43.38 0.63 0.80
water 5.615¢ 2,480c 2,463f 29,00 26.0° 33.5% 0.62° 0.80°

a) Adjusted to conform t6 an oscillator strength equal to that for the same dye in water.,
b) Refers to a second maximum.
¢) Protonated dye. Solvent: 0.26N HCL.
d) Protonated dye.
e) Solvent: buffer solution, pH 9.
) Protonated dye. Solvent: buffer solution, pH 6.

(
(
(
(
(
(

f
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TABLE 3
DYE II IN MIXED SOLVENTS

b
Yoy X 10~ (em=1) g X 1073

=
19)
'—l
)
N
»

Solvent

Dioxane-water

o o
* o
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o
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O
FROoow @ HO
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[ ] L]
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0000000 ©OO0O0O0
L] L] L] L] L L[]

(2) Refers to first-named solvent component.

(b) Where no oscillator strengths are given, the extinction coefficients are adjusted to confornm
to an oscillator strength equal to that for the same dye in water.

(c) Refers to a second maximum, :
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DYE IIT IN MIXED SOLVENTS

A =1
a
Solvent Molef Y pax ¥ 107 (cm ™)

‘ j 1.813c
Dioxane-water 96.3 1.92%

1.791
88.7 1.908°

1.785
ZZ:? 1.791
42,2
23.1
12.0

Benzene-pyridine 98.9

70.3

46.3

¢

pyridine-water . 92.3

2.
8
I
L.
0

] . component. o an
(?) R o fiﬁii;%g?eitigggiﬁz :rngiven, the extinction ioefficients are adjusted ©
(®) zgggilggogsstrength equal to that for the same dye in water.
(c) Refers to a second maximim,
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(Captions for Figures)
€ nax Ve YV max plot (schematic).

Absorption curves for dye I in pure solvents, For
solvent designations, see Table I. A prime indi-

cates an absorption curve for the protonated dye.
Absorption curves for dye 1I in pure solvents.

Absorption curves for dye II in acetone-water and
benzene-acetone mixed solvents. The numbers denote
mole percentages of the first-named gsolvent component.
The curve for pyridine-water gsolvents is redrawn from

the data of Brooker et g;.u

vs. Y plot for dye II.
max max

Absorption curves for dye III in pure solvents.

Absorption curves for dye IIT in benzene-pyridine
and pyridine-water mixed solvents.
emax VS, ymax plot for dye III.

(No caption).

(No caption).
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INTRAMOLECULAR TWISTING EFFECTS IN

SUBSTITUTED BENZENES. I. ELECTRONIC SPECTRA.]"2

By Eion G. McRae and Lionel Goodman3

Departments of Chemistry, Florida State University, Tallahassee,
Florida and The Pennsylvania State University, University Park,
Pennsylvania.

1l paken from a dissertation submitted by E. G. McRae for the
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part at the symposium on Molecular Structure and Spectroscopy,
Golumbus, Ohio, June 1955.

2 The work was carried out under a contract between the U. S.
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Corporation.

3 present addresses: E. G. M. - Chemical Physics Section,
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should be addressed) = Department of Chemistry, Pennsylvania
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(Abstract)

The electronic spectral effects of twisting a substituent
group about the substituent-ring boﬁd in substifuted benzenes
are analyzed from the viewpoint of semi-empirical MO theory in-
c¢luding zeroth and firsf order configuratlon interaction. The
substituent orbital ESO is expressed as a linear combination
of two functions, &, and ¢y, which are respectively anti-symmetric
and symmetric with respect to reflection in the ring plane:
§;° = cos @ ¢x + sin @ fg. Transition energles and intensities
are discussed with reference to the twisting parameter ©.

ordinarily, © increases as the substituent is twisted, and can
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be evaluated explicitly when the molecular geometry 1s known.
The treatment is carried through both with and without cognl-
zance of the nearest-neighbor overlap integrals, and the in-
ductive effect of the substituent is discussed. Particular
attention is given to the question of self-consistency.

The theory applies especially to those transitions which
correspond to transitions observed in the spectrum of benzene
("benzene-analogue" transitions). Three possible types of 6~
dependence of transition energles are distinguished, and the
conditions under which each might be realized are specified.
of the four benzene-analogue singlet-singlet transitions con-
sidered, the two of lowest energy are ordinarily predicted to
suffer a decrease of intensity as © increases, while the inten-
gities of the remaining two transitions are predicted to be
insensitive to twisting perturbations. "Charge transfer"
transitions are also considered, though in less detail.

The theory is applied in a detajled discussion of the ultra-
violet absorption gpectra of N,N-dimethylaniline and related
molecules in which the dimethylamino substituent is twisted
as a result of ortho substitution or intramolecular bridge

formation,
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1. INTRODUCTION

In several series of substituted benzenes, the twisting of

the substituent group about the substituent-ring bond leads to

pronounced changes in electronic properties. For example, the
effect of twisting 1is revealed particularly clearly in the

spectra and some ground-state properties of N,N-dimethylaniline
and related molecules.l*"8 In this and other series of substituted

% g, M. Wepster, Rec. Trav, Chim. 67, 411 (1948)5 ZL 1159 (1952);
26, 335 (195735 26, 357 (1957). ; ’ ’

5 B. M. Wepster, Rec. Trav. Chim, 73, 661 (1953).

H. B. Klevens and J. R. Platt, J. Am, Chem. Soc., Z1, 1714
(1949) .

W. R. Remington, J. Am. Chem. SocC., 67, 1838 (1945).

Ref. 4-7 are to 14terature on spectra. Further references,
including references to the literature on ground-sgate proper=-
ties, are given in the following paper (paper II).

E. G. McRae and L. Goodman, J. Chem. Phys. 28, 0000 (1958).

benzenes, twisting may be produced elther as a steric effect of
ortho-substitution, or as a result of intramolecular bridge

formation.

This paper is devoted to an analysis, from the molecular

orbital (MO) viewpoint, of the effects of twisting perturbations
on substituted benzene spectra. In the following paper9, we
apply a similar theory to ground-state properties such as

dipole moment and resonance energye.

)
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D
2., GENERAL APPROACH

We consider a substituted benzene in which a particﬁlar
substituent group 1s attached to the ring by a bond between the
substituent atom, 7, and the adjacent ring carbon atom, 1. The
other ring carbon atoms are numbered consecutively around the
ring (See Fig. 1b). The 1-7 bond is assumed to 1ie on the pro-
jection of the 1ine joining carbon atoms 1 and 4, but the sub-
gtituent group itself is supposed not to be axially symmetric
with respect to the 1-4 line.

Let us suppose that the substituent interacts conjugatively
with the ring via the single atomic orbital (AO) §s°, centered
on 7. We assume that in the ground configuration there are
formally two electrons in §s°. In a future publication we shall
consider the case of a substituent with several AO's capable of

jnteracting with the ring carbon 2pT AO's.10

10 1. Frolen and L. Goodman, work in progress.

We wish to discuss the spectral effects of twisting the
substituent group about the 1-7 bond. The effect of twisting

i3 observed experimentally as a regular relatiohship between the

11,12

spectra and the twist angle In order to discuss twisting

11 The observed spectra should be corrected, if necessary, to
allow for the direct influence of the substituent or sub-
. stituents responsible for twisting. For an example, see
Table 6, footnote (b).

The definition of the twlst angle 1is arbitrary to some extent,
as there are in general various ways of incorporating the

part of the twist angle corresponding to the change of shape
of the substituent as 1t is twisted.
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effects from the theoretical viewpoint, we express §s° as a

T R i B R L

1inear combination of two normalized functions, @, and Fy, which
are respectively anti-symmetric and symmetric with respect to

reflection in the ring plane:
§s° =cos © §x + sin © §y. (1)

We require that @y remain effectively unchanged during the twist~
ing of the substituent. However, we place no such restriction
on @y.

Because of its symmetry, the function ¢ in Eq. 1 may be
assumed not to interact appreclably with the ring Tr-MO's.
Consequently, the parameter © enters into the theory in a par-
ticularly simple way. For this reason, and also because the
twisting of the substituent ordinarily corresponds to an increase
of 8, it is convenient to break the problem into two parts:
First, to deduce the 9-dependence of the spectra, and, second,
to relate © to the angle of twist. In this paper, except where
otherwise mentioned, we will be concerned with the first part of
this program. The second part is difficult to treat generallys
}t could easily be carried through for any particular subst 1tuted

_ benzene if its geometry were known. If $s° 1s a pure 2p AO,
the parameter © takes on an especially simple meaning; it 1s the
angle of twist of §8°, and hence of the substituent group, with
respect to the ring plane (Fig. lc).

For the substituted benzene, we anticipate four low-energy

singlet excited states, corresponding respectively to the
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followlng states in benzene: lB2u (energy 4.9 €. V. above
ground state, 1Blu (6.2 e. v.) au. the components of 1E1u

(7.0 e. v. ). In the foregoing, the benzene state energles
refer to the absorption band centers, the symmetry designations
pertain to the Dgp group, and the assumed assignments are those

fairly generally accepted at the present time.l3 We shall

13 p, P. Cralg, Revs. Pure and Applied Chem. (Roy. Australiﬁn
Chem. Inst.) 3, 207 (1953).

refer to the above states of the substituted benzene as "benzeneo
analogue" (BA) states. Tn addition to the BA states, we antici-
pate at least two low energy singlet "charge transfer" (CT)
states, arising formally from the excitation of one of the sub~-
stituent electrons to a vacant benzene -M0. For each of the
above states, we naturally anticipate a corresponding low~energy

triplet state. In particular, we expect a lowest-energy trip-

let corresponding t°‘3B1u in benzene (absorption band center

3.8 e. v.).13

Tﬁe ﬁreatment of CT transitions 1s rendered comparatively
difficult by a number of factors, among which mey be mentioned
the possible inapplicability of the approximation in which the
game effectlve Hamiltonian 1s deemed appropriate to both the
ground and the excited states. A detailed discussion of that
question 1s beyond the scope of the present work. Accordingly,
only the BA states are treated in detall 1n this paper. The CT
states, and the possible importance of BA-CT configuration inter-

action are also discussed, but in a purely qua}itative waye
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3. TREATMENT OF BENZENE ANALOGUE TRANSITIONS

The method of treatment adopted in this paper 1is based on

the semi;empirical MO procedure developed by Goodman and Shulllu,

4§ goodman and H. Shull, J. Chem. Phys. 23, 33 (1953).

and applied by them in a systematic 1pterpretation of the spectra

of sﬁbstituted benzenes.ls The above two papers should be con-

15 1. Goodman and H. Shull, J. Chem. Phys, 27, 1388 (1957) .

sulted for those details of the method which are omitted in the
present paperj to facilitate reference, the notation in the
present paper has been made to conform as closely as practicable
to that of Goodman and Shull.

Zeroth Order: - In the zeroth order of approximation, in
which the substituent is considered not to interact with the ring,
(Fig. la) the orbitals for the substituted benzene comprise the
substituent AQ §g°, .and the benzene T-MO's. We dencte the
latter by éio (1 =.0, 1, T; 2, 2, 3), and express them as linear
combinations of AO's (iCAO):

6

. . J .
qi =%=1°;u.¢/u,, ) ' (2)

where q#, denotes the 2pT AO belonging to atom & , all AO's

having positive lobes on the same side of the ring plane.
The value of the carbon AO Coulqmb integral,‘ s .1s chosen
as the zero.of MO eneigy, and the orbital energlies are expressed

throughout in terms of the semieempirical.c4c resonaﬁce 1ntegral,;?.
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b
In the zeroth order, let e1° denote the energy of the orbital
§1°. We write

eio = niolg 9

where n1° 1s the orbital energy factor for éoi. The AC co-
efficients and energ& factors for the benzene MO's, either

with or without nearest-neighbor overlap integrals included, may

be obtained from the formulas given by Wheland.16 For the C-C

16 g, W. Wheland, "Resonance in Ogganic Chemistry", John Wiley
and Sons, New York, 1955, p. 666.

overlap integral in benzene, the value 1/+ is adopted for cal~-
culations with overlap included. The barred and unbarred MO
subscripts respectively signify MO's belonging to A and B reps
(irreducible representations)17 of the C, group. (see below).

17 M. A. Melvin, Revs. Mod. Phys. 28; 18 (1956) .

Intramolecular twisting destroys the Coy symmetry of a sub-
stituted benzene, and in this paper we assume that the effective
HamiltonianAhas C2 symmetry. Accordingly, we adopt the 02
symmetry eclassification of wave functions, and consider only
those interactions which are between functions of the same c2
symmetry type. As a particular consequence of the destruction
of the 02v symmetry by intramolecular twisting, it 1s no longer
gtrictly meaningful to draw & distinction between T - and\Q(

0‘-al§ctrons, because a molecule with a twisted substituent
group no 1opger has a plane of symnetry containing the con-

jugated atoms. However, the riﬁg éarbon AO's‘which are antl-
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symmetric with respect to reflection in the ring plane may ﬁe
distinguished from the other ring carbon AO's, and 1t is con~-
venient to refer to them sti1l as 2pT AO's and to the occu-
pying electrons as m-electrons. Similarly the two electrons
in the substituent AO §s remain sharply differentiated from
the other substituent electrons. For similar reasons, the
w’-electron approximation 1s no longer strictly applicable.
we retain it in the sense that we consider interactions between
only those AO's which are anti-symmetric with respect to re-=
flection in the ring plane---viz. ¢, and the ring carbon 2p7 AO's.
The ground state function is approximated throughout by a
single (closed shell) configuration function, and the zeroth-
order ground state function is denoted by q}g. The zeroth-
order state functions for the substituted benzene must be built
up from the orbitals with due cognizance of zeroth-order con-=
figuration jnteraction (CI). There results, for the four low~

energy singlet excited states,
o] o\
bg = x13)

o] o
g = 2777 Oy ¢33

0 o
b 1 2 x X700

q!o x xo )
2~ 12"’

where xzz, for example, denotes the zeroth~-order singlet con-

figuration function arising from the configurétion

3)2 0)2 1)1 i)a 2)1. Similar expressions can of course be

Declassified i - itized '
in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R0023000
: - - 40009-9



Declassified i - iti
sified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009
: - -9

e AT il - s

-8~

written down for the triplet state functions. In the notatlon
for the state functions, as in that for the MO's, & barred sub-
seript signiflies an A-type function and an unbarred subscript
a B-type function. The correspondence between the benzense
gtates and the above functions is as follows: O~ Aygs 17 Byyj
T~ Byys 2y 27 Byye

Interactions: - When the interactions between substituent
and ring are taken into account, the new MO's are given in LCMO

form,

3 - -
ii "2; Ayj ig y (1,5 = s, 0,1, 1, 2 2, 3)
- S,O

by solution of the MO secular equation

det {Hij -8 Sijg = O.

Here,
o
Hyy = Jﬁ Hepe $5 4 ¥

Hore denoting the effective Hamiltonian, and

0 ,0 4
In.solving_ the secular equation, we® follow Goodman and
Shulll,*, who have described a method for solving_Eq. L4 under
the following conditions:
i1 "0 S, , (1 £ 8)
cilcn;l,g, (L£3, 18 389
n% B r ey ¢ 1P (1 ¢ 8)
¢y /DIB (1 ¢ 8)
]
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Here, s denotes the c-c overlap integral, and

j

{0 = 517/5 (6)

where 317 denotes the 1-7 overlap integral. The assumption

brl  =f (7)
13 4implicit in the expression for Hyg in (9). d'ﬂ means the
Coulomb integral at atom 7, and ‘{1;6 represents the increment
of the Coulomb integral at atom 1, due to the substituent. Thus,
d 1 represents the inductive effect of the substituent.

The conditions (5) embody the approximation, frequently
introduced, of neglecting interactions between non-nearest
neighbor atoms. Two other common approximations, namely the
neglect of overlap and the neglect of the inductive effect, may
be brought in through (5). The neglect of overlap corresponds
to putting 8 = 837 = 0. This impllies that the benzene MO's and

MO energy factors are to be taken without overlap. The neglect

of the 4:1.nduct1ve effect corresponds to putting fl = O.

The present problem is characterized by the condition that

)p varies approximately as cOS 9; while ¢ remeins approximately
constant as the substituent is twisted. Therefore, we may 3
appropriately specialiie the conditions (5) by superposing the
follqwing conditions:

/0= /Oo cos é, (8a)

d~ independent of ©, (8b)
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where (00 is independent of 6. From Egs. 7 and 8a,18 we have

18 The parameter is assigned different values for the A-type
as distinct from the B-type states. Therefore, in principle,
f in 8¢ should be assigned different values so as to glve
f 7 the same value in all states for any particular value
of %. However, in this paper, we adopt for simplicity a
single parameter /Ao-

1917 = /015 cos O. "(8¢)

The configuration functions are altered as a result of the

orbital perturbations. Also, the mixing of configurations 1s
no longer symmetrical, the new state functions beling determined
by solution of the state secular equations.15 mhe new state

functions are of the form

Ti = cos ( T = Ay %30 sin ( T4 = Ap) %35
@2 = sin ( T = Ap) Xqp + COS ( T/ = Ap) %13
?1 = cos ( T/ = Ap) x&z sin ( T4 - Ag) X715
Wz_sin(v/h- Ag) Xy3 - cos (™A - Ag) X3p

where A‘A and f‘B are numbers measuring the aiyminetry of mix-
ing between the respective pairs of configurations. '

In order to evaluate A,, Ap and the BA state energies
from (9), it is necessary first to evaluate the confighration
energles and CI integrals. The former are givén in the semi-

empirical method as orbital energy differences, i.e.
E:‘_j‘-;ej -ei=(nj "ni)ﬂ ’ ‘(10)

where the MO energy factors are obtained from (4), and {f is
evaluated empirically. The CI integrals may be evaluated with
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the aid of the approximation

S e

A ays Bgq By & Mijkao (11)
Myg xf 211 B33 Okk TR ,

e Tt S

where Mgj ks is a general MO electron repulsion int:i:al :Zin
Myg,kx2 0 denotes the corresponding integral for benzd .1nxegrals
Hy and Hp can be expressed in terms of the zeroth-order t
(benzene integrals) H°, and HOp respectively, and the latter
may be evaluated empirically. A gimilar method applied to .
triplet states. The empirical parameters are evaluated from o
spectrum of benzene, as described in Ref. 15. The values of
parameters used in the present work are shown in Table 1.

From Eq. 9 the transition moments governing the BA transition

intensities are glven by

1
cos sin Mé
]
= -sin cos 142
cos sin
!2 = «-sin cos
Here Hl’ for example, denotes the integral

5ToﬂQidv,

18 the perturbed ground state (one-configuration)
where o 18 ) 1
function and M denotes the classical dipole moment vectlor. _uz

E
and Mé correspond to the allowed components of the Alg — By

ions,
transition in benzene, but are modifled by the orbital perturbatio

- y 7 .
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Thus, for example

M and My similarly correspond respectively to the forbidden
Alg — By, and Alg — By, transitions in benzene. '

The orbitally perturbed transition moments, M!’ etc., can
be evaluated in terms of the C-C distance 1n benzene., The
method used in this paper 413 to express the transition moments '
in terms of the appropriate integrals involving MO's, to expand
those integrals in terms of AO integrals, and to evaluata the
AO integrals by the formulas

(g M g avzer,

(13)
(g M 8, av=Q/2EMrny ) sy (#0)

where Yu denotes the position vector of the /u«th atom,

8 = [qu, g, dv, and € stands for the electronic charge. For
simplicity, the 1-7 bond length is assumed equal to the C-C
distance. For the purpose of calculating BA transition }nte’nsi-
ties, we choose the ¢-C distance to be 1.0 X; with that value, .
Eq. 13 reproduces the observed oscillator strengthy £ = 1.2,

for the A, — By, transition in benzene vaxpor.l9 '

19 1. y. Pickett, M. Mintz, and E. M. MePherson, J. Am. Chem. Soc.
73, k862 (1951)
7'Romand and B, Vodiar, Compt. rend. 223, 930 (1951).

4, FOUNDATION OF THE METHOD

We describe the foundation of the semi-empirical method

with reference to a formal LCAO SCF treatment of {ntramolecular .
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twisting perturbations in substituted benzenes. We pay special
attention to the conditions (8), which for the purpose of the
present problem are superposed on Goodman and Shull's con-
ditions (5). Also, we discuss the constancy of the important
empirical parameter/? . Where feasible, the discussion is
supported by numerical calculations.

SCF. Methodt--Following a procedure gimilar to that described
by Roothaan,20 we consider the derivation of the "pest possible”

20 . C. J. Roothaan, Revs. Mod. Phys. 23, 69 (1951).

LCAO MO for the ground configuration of a substituted benzene
represented by Fig. lc. We begin with the samé orbitals as
before, namely the benzene MO and the substituent AO ¢7(¢7 éo).
For ¢ , we adopt the form (1). The ground configuration MO
energies and MO are found by the iterative solution of the

gsecular equation

det {'F“ - ésu} - 0,

where FiJ r§ o F § ° dv is an MO interaction integral in-

volving the Hartree-Fock Hamiltonian, F.
In the first cycle of the jterative process, the Hartree-
Fock Hamiltonian 1s constructed with the zeroth-order MO's
(Eq. 2). Ina given subsequent cycle, the Hartree-Fock
Hamiltonian 1s constructed with the MO's resulting from the
previous cycle. Let ‘fk (k = 8, 0y I, 2, 2, 3) denote. these
- MO's and let g%f denote summation over the subscripts of the
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Mof K occupied in the ground configuration. Then the MO inter-

action integrals of the cycle in question are given in con-

ventional notation by
o o 7 o o
S FALY MRS SORUSE 8

- E 208, §,3 838D (3§93 8, 8

where T denotes the electronic kinetic energy opera;tion,Ucﬁ
the electrostatic potential due to the « th core, and in the
notations for the electron repulsion integrals, the functions
of one electron are written on the left and those of the other
electron on the right.
The above MO jnteraction integrals may be expanded in
terms of the changes in the AO interaction integrals
Luy = [éw F g, dv resulting from the interaction between
ring and substituent. Let FO denote the Hartree-Fock
Hamiltonian for the situation represented by Fig. la. The change
in I‘,m! is given by ‘
8L, .fé“F g, v - fé“ ¥ 4, av.
Then we have
AL, , (1 £33 1, J £3)
/“zi vz’_ﬁ ci/d- cyy 8Luy (1 £ s)

AL (1 £ 8)

m7?
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Comparison of Semi-empirical and SCF Methodg:~--We shall
assune for the moment that all bond lengths are independent of
©, in which case condition 8(a) 1s automatically satisfied.
On comparing corresponding semi-empirical and SCF MO integrals
in Eqs. 5 and 14, we see that in order to substantiate con-

ditions 8(b) and 8(c) we must have respectively:

AL

77 independent of ©,

AL/“,’ s L/u’ cos 8, (e 7o
Also, in order that /ﬁ be independent of @, we must have:

4 I/.“y independent of 8, ( «y ¥ £ 7.

As explained later in this section, the above condition 1s
necessary but not sufficient for the constancy of /5 o

We first consider the ©-dependences of the SCF AO integrals
in the first cycle of the iterative proce‘ss. We have

ALy = (opady) » Hophyisu by )=(bphe iy 2 (ter 7 & ”
Ly = €5 84y 'iil (5, © BB as)
r %:c[ 28230 6830 8, 35y #y (s kD
Loy = fz'l(u o iy« (2B 05 b8 s °%,)]
- (gn ¢7; :57 d,?)o

We may express each core integral as the sum of a penetration

integral and an AO electron repulsion :mtvzegral,z:L €efe

21 y. goeppert-Mayer and A. L. Sklar, J. Chem. Phys. §, 645 (1938).
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c
where 9‘,‘, denotes the electrostatic potential due to neutral

atom oo On expressing t57, where appropriate, in the form (1),
we obtain
AL,y = (Up: S 8y )
(8838, By ) = (B8, 38265 cos? ©
2 (dxﬁy;é‘., By ) - (B84 36,6, ) cos ® sin ©
(ByB 38, 6,) = (Bybu 3880) sin® @  (u, v £ 8)

=7e%s 0-2_6
=8 MX /u_l
ocC

v 22 28230 8. 80 - (30 Burdy Ao

- Zsl (%%3%¢x)f cos © (4 s)
A28y

= (T g B,)
,f=:1 It £ Fy
[0, ¢] (o] 0o
HE (2082 § 21, 6 - (89 4385 6]
6 y o
-/“5:;1. (8. 8. 39y ﬁx)j cos™ ©

oce o o |
. 2{% (2050 §0ds #) - (£} Ao & 6]

£

il
oce o IO o o
r{Zk_ (2082 & 5 ¢y &) - (ék dys $_ 8,0 ]
6

(Uy t By By)

é“;éxdy)} cos © sin ©

2
- (é“é“,;é d);sino
e y %y
- (4, 575 67 57).

In t-he expression for L/“,,? the notation s ux = d/u,dx dv has been
introduced, and we have taken note of the vanishing of all
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integrals in which dy appears only once,

It is seen that in the approximatlon we are considering
(first SCF cycle, bond lengths fixed), the integrals E/47 are
strictly proportional to cos ©. A detailed discussion of the
o@-dependence of the integrals L/“y Cauyy £ 7) and L77 would
require the knowledge of all the relevant penetration and AO
electron repulsion integrals; however, some general conclusions
can be drawn by referring to tables of two-center AO Coulomb
integra1322’23 (we neglect three- and four-center integrals,

22 %. gé)Parrand and B. L. Crawford, J. Chem. Phys. 11, 1049
1948) .

23 C. C. J. Roothaan, "Tables of Two-center Coulomb Integrals
between 1ls, 2s, and 2p Orbitals", Special Technical Report,
University of 6h1cago, 1955.

which are relatively small). If we take gy to be a 2p A0 with
axis perpendicular to the ring plane, and assume in turn that 4y
1s a 2s AO and either of the two 2p AO's orthogonal to gy, in
no case do we f£ind (8, f43 é,béﬂ,) and (5y dy; é“,é/‘) to differ
by more than about ten per cent. Also, these integrals are at
least an order of magnitude greater than the largest integrals
involving both 4, and dy. It follows that, in the first cycle
of the iterative process, L, , (wy £ 7) and Ly, are nearly
independent of ©.

We now discuss the more realistic case in which the

Hartree-Fock Hamiltonian is constructed with MO's of the general

form §, = <oy 3‘512 (k = s, 0, + 1). Retalning only the

one-center and two-center Coulomb electron repulsion integrals,
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we find ) i
A% = (Tgpibutu) ©1/2 4% (8,84 380 Bu)
. (é«,d/‘ i6,, 6, ) + QB Bu 3878, (k7
g ;1 (3., B 8= /2 B o B 387890 (£ D
/u_ =
. 1 |)
and 4Ly, = Uc/“ 1608,) + 1/2 4Qy (8803 5767) (15*)

(B B, 3 78

oceC
5.8y C 8,4 C R
Q. = 25 gt 1 G o Sy

oce
c 8,49 © ’
Pay 22—% Ziaki 1 p%y By C3Y

erscripts

denoté zeroth-order quantities).

It the Mo's are derived with neglect of ovgrlap, Q/%, repre-
sents the 7T-charge density at the/u. atom, gnd B“J’ representg
the order of the 7T -bond joining atoms//oand 3. Since the
semi—empirical MO integrals Hij have been shown to be of approx-
imately the correct form as judged by comparison with the first-
cycle SCF integrals Fij’ it 1s not inappropriate to injoke semi-
empirical charge densities and bond orders in order to dilscuss
more fully the foundation of the gsemi-empirical method. Utiliz-
ing the semi-empirica; MO's of Table 2 (overlap neglected), °

t
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tabulated values of the appropriate AO electron repulsion
:I.nt:egrzaLlsza’2l+ and dgain assuming all bond lengths fixed, we

2k The adopted values were those for an effectlve nuclear charge
of 3,2 a.u. and a nearest-neighbor internuclear distance of .
1.k R (these are the parameters appropriate to benzene itself).

£ind that the integrals L/‘,’ (u £ 7). vary (& 0.01 e.V.) 8S

cos O

In/u,7 = k/u,? cos 9, (16a)

while the integrals L.y Cuy v £ 7) and Lop contain additive -
parts which vary approximately (£0.05 e.v.) as 0032 o:

Loy €0 xLuy (772) ¢k, cos? 0y (u,v £7) (160)

L

2
77 (8) = Loy (1/2) + kg ©OS o. (16c)

The constants k/“,y are easily evaluated if it is assumed
that the integrals I}V—v are exactly constant in the first cycle;
* 4n that case, the values of the constants measure. the o-dependence

of the integrals, resulting from the redistribution of charge
accompanying twisting of the substituent. For the 1ntegfals
Luw (L 7) ve find (e )Pt kyp = =0.17, kpp = =0.03,

k33 = *0.65, kg, = +0.57. A positive sign indicates that the
amount of electron repulsion decreases as o increases; i.e., the
electrons become more tightly bound as o increases, For the
integrals L/g,, (/u.,z/ denoting adjacent carbon atoms), we find
(0uv)2* ki = $0.21, kpy = -0.0k, kg = r0.03. A positive
sign indicates that the magnitude. of Ly, increases as 6 in-

creases; l.e., the bond between atoms/w and y) becomes stronger
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as © increases. The integral L77 has a slightly greater ©-
dependence; we '.t‘:Lndz‘+ Koy = +0.78 e.v. If the substituent
atom 7 were more electronegative than carbon, the value of 1(77

would be greater. For example, for nitrogen we ,have'25 -

25 ppe integral (fy £n; £7 g) was assigned the value appro-
priate to an efzecZive mélear charge of 3,9 a., us The
other A0 electron repulsion integrals were agsigned the

. same values as before.

Koy = +1.02 e.v. It is noteworthy that the sum éi:l Qu (é“,d/‘;dl’d?)

1s almost independent of e, 80 that most of the /g‘-aepencence of
Lygy comes from (1/2) AQ7 (157#7; pS7d7).

Wwe now consider the effect of the o-dependence of the 7-1
bond length. Changes in the other bond lengths are relatively
small, and are therefore not discussed, Assuming a linear

relationship petween bond length and MO bond order,26 and assum-

26 ¢. A. Coulson, "Valence", Oxford University Press, London,
1952, Pp. 253.

ing L17 inversely proportional to the bond length, we obtain

L - k-m CcOS O ¢ k _E}_-:EE_ 008290-
17- 17 17 dl 17 ece e

Here, d, and d, respectively denote the lengths of single and
double 7-1 bonds, and kjp is the value of Ly(9)/cos 8 for a
fixed bond length equal to dl. A similar formula applies for
syp. Ve note that Pyg is almost oxactly proportionsl to cos
(the order of the 7-1 1-bond 1s of course proportional to

P.

17 cos 9, in view of Eq. 1). Therefore the second term 1s
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really proportional to cosd 6. If we take (dl-dg)/alﬁ=’0.2/l.5,
and P17 (¢ = 0) & 0.3, we see that the second term is not more
than five per cent of the first.

We return now to discuss the conditions (8). We assume
for the moment the is really a constant (sce below). Con-
dition 8c holds with an error in ©-dependence not greater than
five per cent, the error arising almost entirely from the
lengthening of the 7-1 bénd as © 1nereases. A similar_remark
applies to 8a, but in this case the error arises solely from
the bond lengthening. The applicability of 8b may be judged
from the ©-dependence of the integral L77. Changes in L77 arise
mainly from charge redistribution, although the slight -
dependence of the AO electron repulsion integrals such as
(é“,éﬂ ;ds ds) could also play a part. The calculated change in
Lo throughout the range of 8, ~ 1 e.v., implies a change of d
of about 0.3 (/5 ~ -3 e.v.). Previous experience]'5 indicates
that this change, while by no means negligible, is not suf-
ficienx’to‘upset qualitative conclusions drawn by aéshming J
constant. '

fhe question that remains to be discussed is that of the
constancy of/g:. We have stated\that a necessary condition for
the constancy of /3»#3 that the integrals Ly, (uy> £7) be
independent of ©, and the foregoing discussion shows that this
condition is approximately satisfied., To completé the dis-
cussion, we note that in the semi-empirical method the configu-

ration energies are taken to be orbital energy diffgrences (Eq. 10),

D r— . .
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whereas in the SCF method the configuration energles are given by

Byy = £4° e, - (Jyy = Kyy) £ Xy (10")

~—

where the & 's are SCF orbital energies and Jij and Kij are
respectively Coulomb and exchange MO electron repulsion integrals
(the upper sign applies to singlet, the lower to triplet con~-
_figurations). Now the semi-empirical and SCF orbitai energies
may be assumed to vary proportionately under perturbations, so
that the assumption of a constant /3 1s justified to the extent
that the electron repulsion integrals vary in proportion to the
corresponding semi-empirical configuration energies.

The ©-dependences of the electron repulsion integrals have
been introduced through Eq. 11, With the aid of the MO's and
MO energies of Table 2 (overlap neglected), we find that the

respectively undergo variations of 30%, 20% and 104 throughout

the entire range of ©. The errors come in mainly at values of
@ approaching 90°, In the range of © between O and 45°, the
variations in these ratios do not exceed 5%. The semi-empirical
procedure for the configuration energies is thus seen to be
securely founded on the SCF method, especially at lower values
of ©. , |

5. GENERAL CONCLUSIONS

Bepiene-gnalogue ngnsitiogg:--ln order to arrive quickly
at the qualitative sonclusions of the theory, we handle the

orbital perturbations by means of second-order perturbation
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theory. The MO energy factors are given by an expression of
the form

ny - ng = Ay * By cos2 9, (17

where for ‘che constant A4 and By we adopt expressions conforming

to conditions (5) and (8):

Ay = °112 dy3Bg= /02 0112 (1 -8 n1°)2/(n1° -d).

A term involving dﬁlz has been neglected in the above expression
for Aj. The effect of overlap on the MO energles is 11lustrated
in Fig. 2.

For the BA state energiles, three possible types of behavior
under twisting perturbations may be classified and interpreted
in terms of the relative magnitudes of By ané B, (Note that Bi and
BE are always zero under the conditions specified in this paper).
Let us consider either of the two pairs of interacting configu-
rations, and the states arising from them. Where |By| >? |2l
both state energies increase initially upon twlst (increase of ©).
We designate that behavior as Type 1. Where the lower state
energy initially increases and the higher state energy initially
decreases upon twist, we speak of Type ii béhavior; it would
appear if |By| & |B,| . Finally, where |3, << |By]»
both the state energies would initially decrease upon twisting,
and we refer to that behavior as belonging to Type 111, The
three types of behavior are i1lustrated in Fig. 3.

The above classification is based on the initial behavior
as © 1s increased. The theory does not necessarily imply that

the state energies should vary ponotonically with , Non-
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monotonic behavior could result from the variation of the CI
integral. Also any non-monotonic trend in the mean configura-
tion energy, such as might arise as a result of deviations from
(17), could be reflected in a similar trénd in one or both
state energles.

Twisting effects on the BA singlet-singlet intensities
depend primarily on the variation of the A's in Eq. 12 rather
then on the much less marked varilation of the orbitally perturbed
transition moments. Now for either pair of interacting configu-
rations, the appropriate A (A or A B approaches zero as the
configuration functions become more nearly degenerate. Keeping
that in mind, the qualitative intensity predictions of the
theory may be inferred by inspection of Eq. 12.

Let us first consider the case where both the inductive

effect and the overlap integrals are neglected. We have
Ay = A =0 (18a)
|5, > Byl _ (18b)

In view of (18b), each pair of transition energies must conform
either to Type 1 or Type i1 behavior. ‘Because of (18a), the
configuration energiles become d'egenerate at @ = T/2. The theory
thus predicts that the 5 — I and 6'—9 1 transitions should each
shift initially to the blue upon twisting, with a progressive
diminution of intensity. The intensities of the other two
transitions shoulﬁ be relatively insensitive to twisting.?’ As

27 In speaking of intensity changes, we refer to percentage changes
of the oseillator strength. .
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© approaches 1/2, the frequencles and intensities of all four
transitions should approach those of the corresponding benzene
transitions.
Next, we take up the case wvhere the inductive effect 1s
included but the overlap integrals are neglected., In place of
(18a), we now have

Al - Az > O’

and the B configuration energles become degenerate at a value of
o less than T/2. The intensity of the 5 —» 1 transition should
jnitially decrease upon twisting, the transition should become
accidentally forbidden at an intgrmediate value of © (cf. Fig 5b),
and subsequently the intensity should increase until © becomes
o /2, No other new features are brought in, except in that, when
o = T/2, the transition frequencies are no longer expected to
revert exactly to the corresponding benzene frequencies.
Finally, we consider the case where the inductive effect

is agaip neglected, but the overlap integrals are taken into
account. The effect of overlap is to.decrease by a substantial
amount the numerator of B, and at the same time to increase
that of B, by about the same amount. Therefore, where overlap
is included, the predicted behavior of the band frequencies tends
more nearly to conform to Type 141 than to where overlap is
neglected. Type 1 behavior might still be predicted, however,
1f & were sufficiently close to nlo. As the configurational

" interaction integrals depeﬁd only slightly on the AO overlap
integrals, 1t follows thgt the calculated electronic state
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energies are substantially increased by the inclusion of over-

1ap®8 (cf. Figs. 2,4). Since By and By may now become equal,

28 15 the SCF method upon which the present semi-empirical
treatment 1s based, the difference between the ground and
excited state effectivs Hamiltonians is allowed for only in
a orude approximation,s? Some preliminary calculations by

29 p, 0. Lowdin, Advances in Physics g5, 1 (1956).
the authors3° indicate that, if a more accurate correction
30 g, . McRae and L, Goodman, unpublished.

were applied in the semi-empirical method, the calculated
energy of the state would be lowered relative to the ground
state (il.e., in opposition to the effect of inclusion of
overlap) and the energies of the other three BA states would
be increased. A corresponding correction for CT transitions
would probably be especially large.

there exists the possibility of the 0 — 1 transitions being
accidentally forbidden throughout the range of 6. In any case,
with overlap included, the predicted intensity is smaller than
with overlap neglected.

Charge - Transfer ngnsitiogg:—-The lowest energy CT con-
figurations, together with the corresponding singlet conflgu-

rational functions, are as followss

ol 02 D212 DY xg B

ol 02 1212 2% x. A

Although the n = f* and T —->TH* classification of eleétronic

transitions is not strictly applicable in the cases we are dls-
cussing here (Cp symmetry), 4% 1s helpful and not too inaccurate
to think of the CT tr;nsition chgnging.from the T — T * to the

D — . .
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n -y 7 * type as © runs from O to Tm/2. Since n —» 1 * transi-
tions are generally weak as compared with those of the M 5 TT*
type, it is to be expected that the CT oscillator strengths
should decrease upon twisting. BY analogy with n -7 * tran-
sition intensities 1n substituted benzenes (not heterocyclics),
an upper 1imit for the CT oscillator strength at & = 7/2 may
be set at 0.001.

As for CT transition intensities at © < 1/2, we may be
guided to some extent by the values of the one-configuration

transition moments such as

ns = 17 [8 oh av,

which are given in Table 5, It must be kept in mind, however,
that the CT intensities could be greatly increased through
interaction between BA and CT configurations.31 As the relevant

31 gonversely, the BA transition energies amd intensities could
be affecteé by low-energy CT configurations. A possible
case of ﬁhis i1s discussed in Sec. 0.

CcI integrals all tend to zero (or to very small values) as ©
approaches /2, there 1s no need to revise our conclusion con~

cerning the limiting CT intensity as © approaches m/2.
6., APPLICATION TO N,N-DIMETHYLANILINE AND RELATED MOLECULES.

Assignment of T;angitiong:--The effects of intramolecular
twisting on the spectra of N,N-dimethylaniline and related

molecules have been studied experimentally by Weps‘te:r:,l""5 by
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Klevens and Platt6 and by Remingpon.7 A representative
selection of the experimental data is reproduced in Table 6.
The structures of the less familiar molecules figuring in Table

6 are shown below.

Tn the molecules listed in Table 5, ortho-substitution or
intramolecular bridge formation leads to twisting of the amino
group about the bond joining the nitrogen atom to the adjacent
ring carbon atom. There 1s 1ittle doubt that the observed
intensity changes may be attributed primarily to intramolecular

twisting perturbations, gsince in the absence of 1ntramolecﬁlar

twisting, alkyl-, chloro- or bromo- substitution has a
relatively small effect on band intensities. 1In order approxi-
mately to eliminate the direct effects of substitutioﬁ on the
band frequencies, the observed frequencies are corrected by

adding the difference between the corresponding band frequencies
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for benzene and for an appropriate substituted benzen.e.32 The.

32 The ortho substituent correction of the 0 —1 and 0 — 1
tpansitions in Table 6 represent the difference between the § — 1
and O — 1 0-0 band energles of benzene and the corresponding
alkyl or halo benzene applied to the band maxima of the dimethyl-
aniline derivative. TFor the 0 — 2,2 transitions band maxima

are used throughout.

This procedure is justified on the following grounds: The
calculations reported in this paper assume the same molecular
dimensions in the ground and excited states and therefore apply
to vertical transitions. On first thought, this would imply
that an experimental band maximm is to be used for comparison
with a theoretical excitation energy. However, the problem 1s
complicated by the 3 — 1 and 0 — 1 transitions becoming for=-
bidden, or nearly forbidden as & runs to M/2., (The presence
of an inductive effect will remove the formal forbiddeness at
® = /2, but will in general not change the sense of the
following argument.) A weakly perturbed transition may be re-
garded as retaining "memory" of the forbiddeness and therefore
possesses a weak 0-~0 band. 3 In the following series of sub-

33 y. W. Robertson and F. A, Matsen, J. Am. Chem. Soc. 72, 5252 (1950).

stituted benzenes of increasing substituent perturbation
(benzene, toluene, chlorobenzene, fluorobenzene), the o-o band
in the vapor spectrum increases in strength untii the band
maximum occurs at the o-o0 transition. For these cases the ver-
tical transition is likely the o-o one. Since our corrections
are for the alkyl and halogen groups it seems clear that the
substituent correction should be the difference in the o~0 band
energies of benzene and the substituted benzene for the 0 — 1
and 8 — 1 transitions; but for the allowed 0 — 2,2 transitions
the difference in band maxima. These corrections are applied to
the band maxima of the Dimethylanilines since o-o0 forbiddeness
18 believed to be sufficiently removed for the maximum to be

the vertical transition, This procedure may be open to some
question in VII, where the 0 —» 1 transitions show benzene
structure and the vertical transition is not completely unam-
biguous. We note ‘that this implies a small error in our empirical
parameters since benzene band maxima were used throughout,

corrected band frequencies are given in Table 6. The corrections
actually depend in part on the band assignments indicated below.
The nine molecules appearing in the table are designed numeril-

cally in what 1s thought to be the order of increasing twist

angle, the twist -angle being defined, following Klevens and Platt,6
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as the angle of inclination to the ring plane of the 1line join-
ing the amino carbon atoms. Except for VII and possibly llc,

it is not possible to specify- actual values of © because the
jolecular geometries are not known. On the basis of symmetry,

we can say fairly certainly that the twist angle in VII (benzo-
quinuclidine) is 90°, and that in IIc (Troger's base) it
probably lies close to 459, > The upper and lower limits for

the twist angles are reproduced in Table 7. The figures quoted
there provide the basis for the ordering of molecules in Table 6.

The parameter © cannot be identified with the twist angle,
because at a given twist angle © depends on the type of hybri-
dization of the nitrogen valence orbitals. The values of ©
corresponding to the limiting twist angles are shown in Table 7.
From this table, we conclude that @ increases monotonically with
twist angle.

The trends in the observed absorption energies and inten-
gsities are 1llustrated in Figs. 4a and 5a respectively. The
trends in the spectra as the twist angle approaches T/2 suggest
definite assiénments for each of the observed absorptions. Thus
the lowest-frequency transition, which in I appears weakly
(f = 0.04) at 4.2 e.v., shifts sharply to the blue with pronounced
diminution in intensity. In VII, the band has a-frequency'very
close to that of the Alg — B2u band in benzene, and has similar
vibrational structure. Accordingly the band may be attributed

34,35

to the BA transition 0 — 1. We should not be surprised

6

3 This is contrary to an assignment made by Klevens and Platt.

35 See also the similar assignments of Goodman and Shull.ls
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that the 0 — 1 band intensity in VII is considerably larger
(by a factor of four) than that of the benzene Alg"* Bou band,
since this effect is predicted theoretically (see beloQ). How-

ever, the intensities of the other BA bands are expected to
/

revert to those of the corresponding benzene bands as © approaches
T/2. .
The next band is fairly strong (£ = 0.28) in I. It loses

intensity upon twisting and disappears altogether in VII
(£ < 0.,001). The band frequency suffers relatively little
change upon twisting, remaining close to 5.0 e.v. The transition
must be of the CT type; otherwise, its intensity would approach
that of one or other of the benzene transitions, all of which
have oscillator strengths 1n excess of 0,001, By similar reason-
ing, the band at 6.2 e.v. in I (£ = 0.54) may be attributed to
the BA transition 0 — 1. As the twist angle lncreases, the
band shifts to the red with a fairly pronounced drop in intensity.
Finally, the absorption at 7.0 e.v. in I (£ = 0.79) may be
attributed to the remaining two BA transitions, O — 2 and 0 — 3,
which presumably lie so close togéther that fhey éppear as one.15
Its behavior is different froﬁ that of,tﬁe other three bands,
in that its intensity undergoes only a small fractional change
as a result_of {ntramolecular twisting. Thus, its intensity in
VI is twenty per cent less than in T while the intensities of
each of the other three bands are diminished by a factor of three
or more,
Empirical Parameters:--In order to apply the theory describéd

in See. 3, we choose values of J which, for & =0, lead to

[}
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approximately the correct intensity for the 0 —» 1 transitions
in I. With overlap neglected, we adopt J = 1.5,36 and with

36 1 Ref. 15 we have estimated J ~ 1.0 for I DbY f1tting the
energy of the 71 transition. Our conclusions are rather in-
sensitive to the particular numerical values assigned to the
parameters, except where otherwise noted, and are therefore con-
sidered to be falrly generally applicable. We note that the
intensity of the 0 —. 1 transition should be highly sensitive to
assymmetry of charge, and thus valid for conjugative parameter

37 1. Goodman, I. G. Ross and H. Shull, J. Chem. Phys. 26, WA (1957).

correlation,

overlaﬁ included d = 1.0. Where the inductive effect is in-
cluded, we adopt dy = 0.2d4. Throughout, we choose Fo =1l
This means that, where ove;lap is included, the 7-1 overlap
integral at @ = 0 1s taken equal to the c-C overlap integral.
These values are appropriate to a substituent which interacts
rather strongly with the ring. In particular, 41t is considered
to represent with reasonable accuracy the strength of the 7-1

T -bond in N,N—dimethylaniline. We note that setting /70 =1

(implying [317 ;‘/3 at © = 0) does not imply equality between the

7-1 and C-C f-bond strengths, because S is diminished in mag-
nitude by the term jnvolving MO electron repulsion integrals
while k317 does not contain a term of.this type. Since in sub-
gtituted benzenes the 7-1 bonds are somewhat weaker than the
bonds between ring carbon atoms, the adopted 7-1 overlap integral
value may be viewed as an upper 1imit. In conformlty wlth the
above assumptions about the overlap integrals, we assume all

bond lengths equal; and equal tc—fhe carbon;carbon bond length

in benzene (1% %), For purely conjugative substituents, the MO
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secular equation was solved by the method of Goodman and Shull,
as described in Sec. 3, The inductive effect was treated by
first-order perturbation theory,38 adopting the MO's .for the

38 H. Eyring, J. Walter, and G, E, Kimball, "Quantum Chemistry",
wiley and Sons, New York, 1944, p. 95.

purely conjugative case as gzeroth-order functions. All solutions
were obtained subject to conditions (5) and (8). The results of
the calculations are given in Tables 3 and %, To {1lustrate an
intermediate stage of calculation, the MO's and MO energles are
given in Table 2.

Benzene-analogue Tra gitions:--The behavior of the observed
A — A transition energies is on the borderline between Types i1
and 111 while the A > B transition energles exhibit Type 11
pehavior (Fig. %a). The trends predicted by the théory with
overlap neglected belong to Type 1, and thus conflict with experi-
ment. The inclusion of overlap leads to a better agreement with
experiment, Type 111 behavior being predicted for the A —» A,
and Type ii for the A » B transition energies (Fig. 4b). Actually,
the predicted trends tend to be too much like Type 1iil. However,
we have probably overestimated.the 7-1 overlap integral in
adépting Po = 1, and a smaller estimate of the 7-1 overlap
integral at € = O would lead to an improved agreement with ob-
servation, In comparing the calculated and observed trends in
transition energles, 1t should be kept in mind that, in the 0 >1

transition, the error i{ncurred through neglect of overlap tends

to be cancelled out by the Hamiltonlan approximation inherent

in the MO method.28

Declassified i - iti .
ssified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9



Declassified i - iti
ssified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9

“3h4-

The ﬁighest-energy absorption shows a definite red shift
in the series I, IV, VI, It is natural to expect that, if
the observatlions were extended to VII, the absorétion energy
would revert approximately to that for the corresponding ab=-
sorption in benzene. The implied non-monotonic behavior is
correctly predicted by the theory with overlap included,
according to which both the 5 -2 and O » 2 transition energies
pass through minima at intermediate values of ©. The theory
predicts deviations from monotonic behavior for the other band ener=-
gles, but these are relatively slight and are not observed
experimentally.

We draw attention to the predicted @-dependence of the
lowest-energy singlet-triplet transition energy given in
Table 3. In order to carry out the calculation, the 3E1u state
in benzene was assumed to lie at 4.8 e.v., and the lowest-
energy triplet state was assumed to be 3B (3.8 e,v.). Generally
speaking, the trends in corresponding singlet-singlet transi-
tions under intramolecular twisting. However, in each case some
differences are expected because of the changed magnitudes of
the relevant CI integral. The parallelism between the calcu-
lated vapiations Qf corresponding triplet and singlet state
energles is not greatly disturbed either by the 1ﬁc1usion of
overlap or by the choice of different 1imiting values for the
benzene 3Elu state energy.

As far as transition energles are concerned, qualitative

conclusions drawn from the calculations for a purely conjuga-

- tive substituent are not altered by inclusion of -the inductive

effec't N

Declassified i - iti
ssified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9



Declassifi in - iti . A R . ! A 4
ssified in Part - Sanitized Copy pproved for Release @ 50-Yr 2013/09/13 : CIA-RDP81 0104R0023000 009
3 . = -9

3=

The ﬁighest-energy absorption shows a definite red shift
in the series I, IV, VI. It is natural to expect that, if
the observations were extended to VII, the absorétidn energy
would revert approximately to that for the correspondimg ab-
sorption in benzene. The implied non-monotonic behavior is
correctly predicted by the theory with overlap included,
aécording to which both the 5 2 and O -» 2 transition energies
pass through minima at intermediate values of 6. The theory
predicts deviations from monotonic behavior for the other band ener-
gles, but these are relatively slight and are not observed
experimentally.

We draw attention to the predicted o-dependence of the
lowest-energy singlet-triplet transition energy given in
Table 3. In order to carry out the calculation, the 3E1u state

in benzene was assumed to lie at 4.8 e.v., and the lowest-

energy triplet state was assumed to be 3Blu (3.8 e.v.). Generally

speaking, the trends in corresponding singlet-singlet transi-
tions under intramolecular twisting. However, in each case some
differences are expected because of the changed magnitudes of
the relevant CI integral. The parallelism between the calcu-
lated variations 9f corresponding triplet and singlet state
energies is not greatly disturbed either by the inclusion of
overlap or by the choilce of different limiting values for the
benzene 3Elu state energye.

As far as transition energiles are concerned, qualitatlve
conclusions drawn from the.calculations for a pufely éonjuga-
tive substituent are not altered by inclusion of the inductive
effect,
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The trends in the observed band intensities are shown, in
Fig. 5, in indirect comparison with those predicted theoretl-
cally. As predicted, the 0-1and 0 -;i,transition intensities
decrease upon twisting, while the 0 = 2 and 0- 5 intensity sum
is relatively insensitive to twisting perturbations.

The fact that the 0 -» 1 intensity in VII (8 = m/2) 1s
substantially greater than that of the Alg - By, transition in
benzene may be attributed to the inductive effect of the sub-
stituent. For the 3 - 1 transition, the accidental forblddeness
predicted at an intermediate twist angle cannot be discerned with
certainty in the experimental results, However, the relationship
between the observed transition intensities and energies, which
is shown in Fig. 6a, indicates indirectly that it does occur in
fact (see below).

The theory fails to account for the high intensilty of the
0 - 1 transition at small twist angles. with overlap neglected,
the calculated oscillator strength (6 = 0) is less than half that
observed in the spectrum of I, and a still smaller intensity 1s

predicted with overlap 1ncluded.39 In agreement with observation,

39 The condition of ngccidental forpiddeness", which was mentioned
in Sec. 5 with reference to the 0 - 1 transition, is approached
closely with the present set of parameters. This is a fortultous
circumstance, however, and is not an essential implication of the
theory as applied here., To illustrate this, we .point out that -
the consideration of the inductive effect, with overlap included,
could lead to a considerable increase of the predicted intensity.

the observed intensities in the series I, II(b), III, IV, V, VI

are related 1inearly to the corresponding transition energles

(Fig. 6a). The points for IT(a) and II(c) depart gomewhat from
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the main trend, while the point for VIT lies well above the
straight line passing through the points for I and V. The
shapes of the corresponding theoretical curves are shown in
_Fig. 6b. At low energies, the observed linear relationship
i1s reproduced in all three curves. This comes about from the
approximate 0032 o dependence of both the intensity and exci-
tation energy for small and moderate © values. .For larger twist
angles the intensity, in particular, deviates markedly from
0052 © behavior. £% higher energies, the observed behavior
appears to conform qualitatively to that predicted with the
inductive effect included. The probable trend followed by the
experimental polnts, including that for VII, 1s indicated by
the broken line in Fig. 6a. From the figure, it 1is seen that
the available information definitely suggests that the intensity
of the 0 = 1 transition should pass through a minimum value at
an intermediate value of @, as predicted theoretically. We note
that the data for II(a), II(b) and I1I(c) implies that the
nitrogen - atom vglence states for those molecules may be
different from the unbridged cases.

The Oscillator Strength Sum:—-Klevens and Platt have
pointed out that the sum of the oscillator strengths for the
observed transitions decreases upon twisting, from 1.7 in I %o
0.9 in VI, In qualitative accord with that result, the sum of
squares of the transition moments listed in Table 5 decreases
with increasing 6. The predicted trend 1s not so pronounced as
that observed. However, the agreement between theorf and

exper iment would be improved by taking more transition moment s
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into account, and by allowing appropriately for changes in
the transition energies.

Previocus W :=-The theory of twisting effects on the
spectra of ortho-substituted N,N-dimethylanilines has been
discussed recently by Murrell.uo Although Murrell!s method of

40 3. y. Murrell, J. Chem. Soc. 1956, 3779.

treatment is quite different from that adopted in the present
work, it is gratifying that his conclusions are almost identical
with some of those of the present study.

Acggog;edggents:--We thank Professar M., Kasha for pro-
viding the opportunity to undertake this study. We thank
Professors M. Kasha and H. Shull for many helpful discussions;
and Dr. P. O, Lowdin for some helpful suggestions, which have
been followed in this paper.
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Table 1

EMPIRICAL PARAMETERS

' CI
1 Excited
g;;: oigma.t ion State ‘E (e.v.) Integral

-3.30 0.121 ﬁ

Overl
Ne?ﬁiezged -2,98 0.353 ,ﬂ

"2015 00233 P
-3.09 0.129

1
gfxgliuﬁga -2.79 0.377 /5

-2.02 0.248 ﬁ
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Table 2
MO'S AND MO ENERGY FACTORS®

Overlap neglected Overlap included

& 1s

1o s

a a
11 s

a a n
12 %13 By 18 11

12 13 i

0.7219 0.6264 0.26T1 0.0588  2.3543 0.5554 0.2570 0.0389  2.4951
<0.6748 0.5490  CedT747 0.0611 1.6678 0.4937  0e4979 040392 1.1631
=0.1501 0.4929 <=0.8363 0.0756 0.6597 0.5733 =0.8305 C.COA8 044370
«0.0280 0.2146 =0.0582 0,1005 =1.1278 |-G 0.3/83 -0.1033 001223 =1.6623

C.7706 0.5852 0.2307 0.0485 2.2685 0,5188 0,2238 0.0302  1.4584
«0,6227 0.6123 0615 0.0593 1.6523 0u5564 0.5056 0.0385 1.150%
«0.1332 Qu4840 =0.8510 0.0630 0.7156 0.5751 =C.3362 0.0550 0.5335
«0.0217 0.1899 =0.0433 0.0743 «1.0971 0.3103 =0.0811 0.0899 <=1.5865

. 0.9127 0.3930 0.0367 0.,0196 2.087W 0.3367 0.0996 C.0119 1.3734
=0.4021 0.8162 C.4023 1.5856 0.7580  0.4864 0.0313  1.0925
~0.0731  0.4038 ~0.9093 0.878 0,5300 =0.8698 0.0273  0.6650
=0.C076 0.1135 =0.0162 =1.0330 0.1873 =0.0296 0.0283 =1.4181

<1.0000 © 1.3333

. 10000
% ( 4 ; ~ 0.8000
~1.3333

(a) Inductive effect neglected.
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Table 3

CALCULATED TRANSITION ENERGIES AND INTENSITIES

Overlap neglected Overlap neglected Overlap included
Inductive effect neglected Inductive effect included Inductivi eifgct
’ neglecte

o]

E(e.v.) E(e.v.) E(é.v.) £

3 3.91 -
3026 u.w 0.058
.5.65 6 6.31 0.022
6.54 0.162
6.71
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Table 4
STATE FUNCTIONS

Overlap neglected Overlap neglected Overlap included
6 (°) ° Inductive effect neglected: Inductive effect included Inductive effect neglected
Ay (0)  Ag (0 Ay () Ag (o) Ay (@) Ag (@)

26.3 1.8
4.5 10.7
10.5 -0.2
o2 -8.0

(a) Higher order approxi'matiox':s than first-order perturbation theory will cause AA to be .
slightly different from zero in the presence of an inductive perturbation.
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Table 5

-C
TRANSITION MOMENTS 2

S

0
30
60
90

(a) Both overlap and inductive effect neglected.

iven in units of €R,
nitudes of the transition moments are g
(®) gﬁgrgage denotes the electionic °ha§§§g3ﬁt§oi°§§§§§1§?§nc;%ments,
th. The m's denote one-co.
Eggdi%eggnotes the sum of squares of the transition moments in
columns 2-8.

(¢) The following were found to be less than 0.1 €R at © = Ot
mSzr m02’ m02'
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Table 6
SPECTRA OF N,N—DIMETHYLANILINE AND RELATED MOIECUIESa

Substance emaxxlo-3 Eobs(e‘v') Ecorr

I. N,NéDimethylaniline
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‘(Table 6, continued)

~(a)

Molar extinction coefficients, € mgxy at absor ption maxima, oscillator ﬁtrengths f and
observed transition en rgies Egps ?ibsarption maxima): data of Wepster, »9 Klevens and
and Remington. where oscillator strengths were not given in the literature,

they were estimated from the published absorption curves. In some cases- oscillator

strengths could not be estimated because of overlapping by adjacent bands. Uncertain
results are given in parentheses.

Tpansition energies corrected on the assggption that alkyl substitution has the same
effect as alkyl substitution in benzene. Spectra of benzene and alkyl benzenes

(4.9 e.v. band) from API 4ables and far ultraviolet spectra of benzene, alkyl benzenes
from Platt and Klevens (3. R. Platt and H. B, Klevens, Chem. Revs. 41, 301 (1947)3 and
of chlorobenzene from Klevens and Platt Survey of Vacuum Ultraviolet Spectra of Organic
Compounds in Solution, Report of Laboratory of Molecular Structure and Spectra,
University of Chlcago (1953-1954) «
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Table 7

b
LIMITING TWIST ANGLES® AND ©-VALUES

(o]
%t Angle ()
Substance PlanarTwis & Pyr amidal

6 ) and
1att® (11T, IV, VI
timated by Klevens and P
() %;iagpgg‘g;ess(;;c)’ for 1imiting substituent shapes.

bstituent (6 then equals
2 1zation asgumed for planar su
(») :Eisttlymie), and sp° for pyramidal substituent.
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Fig. 1. - AO's in substituted benzenes.

Zeroth-order case.
E%g substituent not twisted.
(¢) Substituent twisted,
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Fig. 2. - The effect of overlap on the MO energles.

a) Overlap neglected.
Eb) Overlap included.

cted for both (a) and (b).

The inductive effect is negle

—
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(full lines). :

Types 1 - 111 schematic)f .

- Trends in-confi
Fig. 3. and state ener les

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9

(EfE, V2
70

65

l]l‘l

ryri1T il 71
| /
\

(

m
-y

Flev ;—_-~i-~\\‘\~\,____,___
60 E
50 T

lll
r\

rT T T 711

} 1 i 1
40 ] Illn Illb Illc_ Illl IIV & &l vii O 30 o (o) 60 90
SUBSTANCE 8

ected).
- ed BA transition energles (corr
Flg. 4 - (&) OO te for II a-c appear not to follow the
main trend, and are connected by a broken .

s3 : lap
ulated transition energles; overd
gillggig, inductive effect neglected.

I

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9

irf/f. xI00 Tf(e)/f(O)xIOO

-

YT SN M VA VNS N S
[ Ha Wb llc 1 IV V VI VIO
SUBSTANCE

ch expressed
transition intgnsities, eat esse
Fle. 5.'~ gi)a022§§g§%a§§ of the correspggd%ggfgggzﬁsiﬁg igin
or II a-c appear n
£?§n§°1§§3 gre connected by a broken line.
9

\ ‘ h expressed
( gransition intensitles, each. |
gg)aégiggﬁgggge of the corresponding 1ntensity for
9:00

‘ ted.
Full Lines - overlap neglected, inductive effect neglecte

, effect: ded.
proken Line - overlap neglected, inductlve e#fect include

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9

Fig. 6.

- The relationship between transition intensity and

transition energy for the O — 1 transition.

gy 4n Fig. 5a) ys. percentage
tensity (as '
gglqig}z;i\;;éré (corrected transition energies)

in'Fig. 5b .
(b) Theoretical; relative intensiiy (as in Fig 5b) ¥s
percentage frequency shift,

.

ot - dash lime - both overlap and inductive effect geg1ected.
D - da , .
' ‘ ' ded.
D 'hed 1ine - overlap neglected, mducj;ive effect include
as ed,

Full line - overlap included, 1nduct;vé effect neg1e§;ed.
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INTRAMOLECUIAR TWISTING EFFECTS IN
1,2
SUBSTITUTED BENZENES. II. GROUND-STATE PROPERTIES. !

" By Elon G. McRae and Lionel Goodman;
Department of Chemistry, Florida State University,
Tallahassee, Florida

1 .
Taken in part from a dissertation submi tted by E. G. McRae far
the degree of Ph.D. at Florida State University, 1957.

2
The work was carried out under a contract between the U. S. Air
Force, Office of Scientific Research, ARDC, and the Florida
State University.

3

Present addresses: E. G. M, - Chemical Physics Section, C.S5.1.Re0¢y
. Melbourne, Australiaj L. G. (to whom reprint requests should be
addrassédf - Department of Chemistry, Pennsylvania State University,
University Park, Pennsylvania.

(Abstract)
The effects on ground-state properties of twisting a substituent
group about the substituent-ring bond in substituted benzenes are

discussed from the viewpoint of semi-émpirical MO theory.' The

ground-state propertles are discussed with reférence to'a‘parameter,
9, which generally increases as the substituent is twisted. The
substituent-ring bond order varies approximately as co3 9, and the
following vary approximately as ggg?@s the resonance energy, charge
densities, ring c-C bord orders and the -T-electronic dipole moment.
The ©-dependence of the total dipole moment 1s discussed. Numerical
applications to N,N-dimethylaniline and related molecules‘are
deseribed, including a detailed treatment Sf the dipole moment§ of
N,N-dimethylaniline and some of its ortho-substituted derivatives.

A brief discussion of the valence state of the dimethylamino group

1s included.

Declassified i - Saniti
in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R0023000
: - - 40009-9



Declassified i - iti :
in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R0023000
: - - 40009-9

I. INTRODUCTION

This is the second of two papers dealing with the effects
of intramolecular twisting in substituted benzenes. In the pre-
ceding paper,l* which will be referred to as 1, we discussed

’+ . o~ PN“a
E. G. McRae and L. Goodman, WW .

"twisting effects on electronic spectra. The present paper is de-~
voted to a corresponding treatment of some ground-state properties,
specifically resonance energies, charge densities, bond orders,
Ar-electronic and total dipole moments.

We adopt the same notation and nomenclature as in J. Also,
insofar as they apply to the ground state, the general approach
and method of treatment are the same as in I, and mmerical
applications are pbased on the same sets of MO's and MO energy
factors.

In I, the values of. the parameters dy d 1 (where non-zero)
and Lo were chosen so as to secure a reasonably close correspon-
dence between the calculated spectra and the observed spectra of
N,N-dimethylaniline and related molecules, In the present paper
we assume that this correspondence extends to ground-state
properties, The assumption 1s justified to some extent by the
moderately good agreement between the total dipole moment cal;
culated for low values of @, and the observed dipole moment of

N,N-d‘imethylaniline (Sec. W)e
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",
II. RESONANCE ENERGIES

The excess resonance energy of a substituted benzene, as
compared with that of benzenae, is given in the semi-empirical
method by

g2 B2 (00 -0y
oo (1)
=2p Zc (ng = 7°p))
where E denotes the ground-state energy calculated with the in-
ductive effect neglected, E® denotés the corresponding zeroth-
order energy, the summations are carried over o'rbitala occupied
in the ground state.

Excess resonance energles caleulated from (1) are given in
rable 1. The adopted values of 3 (Table 1) conform to the reso-
nance energy of benzene, which is taken to be 36 K cal mole-l.
When overlap is neglected, the calculated excess resonance energy
varies as cos 29, This is in accord with second order perturba-
tion theory (see I, Ed. 17). The inclusion of overlap leads to
the prediction of a smaller value at ® = 0, and 2 somewhat sharper

initial decrease of excess resonance energy.
III. CHARGE DENSITIES AND BOND ORDERS

The TT-electronic charge densities, 4» , and bond orders,

E%V’ are calculated with overlap neglected from the formulas '

3

2

I = % (:{'—;,oaid ey )" and
3

oz 2 (2 mag o) | é,o agy Cqy )

occ j=s, O
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3=

The @-dependence of the charge densities and bond orders
thus calculated may be represented, with errors not greater
than 5 per cent of the total variation of each quantity in

question, by the formulas:

du (8) = qu(T/2) * Q| cos % , (1)
Puy(®) = PBup(T/2) & Pyy SO8 %. (6)

Herey Q . and B, are constants, and (6) does not apply to the
7-1 bond.

The predicted effects of intramolecular twisting on the
1 -electron charge densities and bond orders are i11lustrated in
A and B, where we have nade use of (&) - (6). InA and B, ¢
means COS ©. A applies to a purely conjugative substituent, and

B to a substituent exerting both conjugative and inductive effects.
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4}{832 o2 -0. 003c
2,000 1.000 ,
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0.36% ¢
0.667
-g g\‘gc -0.006¢”
40.010¢
| 1.003
w.gggca .oohc
2,000 0.965
B -0.126¢2 5. 090¢2 +0.065¢
0.3""7 c \
’ 0.66% ,
-8 .gg%cz -0,002¢
. 0,669
40.,00kc2
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-5~
1Iv. DIPOLE MOMENTS

The f—electionic dipole moments are calculated by & method
analogous to that described in I for the transition moments
(see I, Eq. 13). The results are shown in Table 2. The results
belonging to each of the three series shown in Table 2 may be
represented with moderate accuracy (¢ 0.1 Debye) by the formula

ng (0 = mq (T/2) ¢ Mg cos %o, (7)

where m denotes the component of the Mr-electronic dipole moment

in the 1 3 & direci_:ion,s and M~ 1is a constant.

5 The sign convention for dipole moments is such that, if a ai-
pole consisted of a8 positive charge at atom 1 and a negative
charge at atom 4, the positive direction of the moment would be
the 1 9 k& direction.

In order to discuss the effect of twisting on the total di-
pole moment, m, we assume that it 1s given approximately by

m=Rp ¢ Bro (&)

where m . and m respectively denote the T-electronic and

r-electronic dipole moments.6 We confine our attention to the

6 Even if there were considerable departure from additivity in (8),
it is probable that the resulting error in (8) could be Sgpresented

by a vector whose magnitude varied approximately as ¢oS In
that case, mich or all of the errc could be absorbed Into m 4 o

and (8) could still be approximately correct, at least In atormal
sense.

case in which m 4 has constant magnitude and 1g inclined at a

fixed anglu to the 1-% 1ine. This case 1s particularly simple,
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B
and is frequently approached in practice. From (8), we infer
that the magnitude of the total dipole moment may pass through a
minimum value at an {ntermediate value of 0. . Let L. denote the
(£ixed) angle of inelination of m , tO the 1 +» 4 direction. The
condition for a minimum dipole moment 41s that the component of

the total dipole moment along the 1 -l axis be zero, i.e.

e m._ cos L = O. (9)

m,ﬂ. o

This condition being gatisfied, the value of & at which the mini-
mum should occur is from (7) and (9),

o fin, = Arc cos {-[m,". (M/2) v my cos_Q:] /M,;Sl/a (10)

and the minimum magnitude of the dipole moment is

m_ sin (L. (11)

o

The inductive effect, as represented by a negative value
for m . (7 /2), causes the minimm to occur at a lower value of ©
(see Eq. 10). The qualitative conclusions of the theory are not
altered by the inc;usion of overlap, since the Tr-electronic dipole
moments calculated with overlap included fit the cos 2g formla
(Eq. 7) quite as well as those calculated with overlap neglected.
As shown by (11), the minimm value of the dipole moment depends
only on the c-electronic dipole moment . ‘

application to N,N-Dimethylaniline and Related Moleoules:
The dipole moments of the following molecules; each gppropriately
corrected for the effect of methyl substitution at the fing, are
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gshown in Fig. la: Ia, N,N—dimethylaniline; Ib, N,N-dimethyl-
p~toluidine; IVa, N,N-dimethylfg-toluidine; IVb, 2,4,N,N-tetra=
methylaniline; VI, 2,6,N,N-tetramethylaniline. The numbering
conforms as closely as possible to that adcrted in I. The
dipole moment of 2,h,6—tribromo-N,N-dimethylaniline i3 also of
interesty it 1s given in the caption to Fig. la, For each
molecule, the observed dipole moment 13 corrected on the assump-
tion that the effect of methyl or bromo substitﬁtion is the

game as in the corresponding aniline derivative. The data are

those reported by Fischer7 and by Few and Smith.8

9 1. Pischer, Nature 165, 239 (1950).
8 . V. Few and J. W, Smith, 7. Chem. Soc. 1949, 2663.

The trends predicted theoretically are shown in Fig. 1b,
in indirect comparison with the observed trend. The two curves
shown in Fig. 1lb represent 1imiting trends, which correspond
respectively to rigid planar and rigid pyramidal N-C bond con-
figurations, with tetrahedral bond angles in the pyramidal case.
In'order to calculate the dipole .moment on the assumption
of a rigid planar configuration, the o -electronic dipole moment

was set equal to zero.9 For the rigid pyramidal configuration,

9 This assumption of course is not quite correct since there
should be a small positive moment duepgo the different electro-
negativities of carbon atoms in the s 2 valence states,
The assumption ol the planar configuration will
cause error in o -film; however the minimum m jtude of the
dipole moment will s%ill be zerod.
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8-
the O -electronic dipole moment was assigned a fixed value of

0.8 Debye,lo and (L. was assigned a fixed value of 110°.

10 7his value was chosen to corresponh to the dipole moment of
an aliphatic tertiary agine.

Throughout, the AT-electronic dipole moment was taken to be that
calculated with inclusion of the 1n§uctive effect (Table 2,
column 3).

: The theory accounts well for the comparatively sharp de-
crease of the dipole moment on going from I to IV, and for the
fact that the corrected dipole moments of IV and VI are of about
the same magnitude. The dipole moments calculated for low values
of © are in quite good agreement with those observed for Ia and
Ib, and would have been improved had the values of M been
taken from column 4 rather than column 3 of Table 2., The slg-
nificance of this has been pointed out in Sec. I.

The comparison between theory and experiment makes possible
some discussion of the shape of the N,N-d;methylamino group in
IVa and IVb, Assuming a pyramidal configuration of N-C bonds,
with tetrahedral bond angles, © for these molecules 1is 63° on
the basis of Van der Waals radii, If a planar configuration is
assumed, © is 75° (1 Table 7). Now these values of © do not
differ greatly from those at which minima of the dipole moment
are predicted theoretically (cf. Fig. 1b), Therefore, if the
shape were pyramidal with tetrahedral bond angles, we would

expect a dipole moment somewhat greater than the minimum value
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T
given by (11) -- in the present case, 0.7 Debye. On the othe

hand, if the shape were planar, the dipole moment ought certainly
to be less than 0.7 Debye. The observed dipole moment of 0.9
Debye implies a pyramidal shape, with bond angles approaching

the tetrahedral. This conclusion is by no means anexpected; in

11
a careful discussion of the structure of Ia, Wepster has

. Wepster's
11 p. M, Wepster, Rec. Trav. Chim. 72, 66% 1&123& Vapstor's
;nt.is supported by the rather low es ak o e overlap
:zgg:ance energy arrived at in the present work,
was included (Sec. 11).

- les
concluded from other considerations that the C-N-C bond ang

are close to the tetrahedral angle.
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Table 1 -

EXCESS RES ONA'NCE ENERGIES

~ -1) '
nan Energy (K cal mole
%ﬁﬁ:pnfx::m%:aa : Oveglap YncludedP

: .0
6.5 : 1 6
4.9 O.
1,6 . 0.1

0
0

(#) 5= -18 K cal mole™t.

(®) A= -34 K cal mole Y.
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Table 2

AT -ELECTRONIC DIPOLE MOMENTS

a
Ar-Electronic Dipole Moment (Debye)

Inductive effect Overlap

Overlap and inductive included included

effect neglected

+ 2,02 + 1,46 + 2,84

+ 1.55 4+ 0.99 4+ 2.19
+ 0 5‘* - 0012 + 00”
0 - 0.72 0

(8) por sign convention, see footnote 5e
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Fig. 1 - (a, top) Observed dipole moments corrected for
ethyl substitution. The corrected dipole moment for -2,k,6-
m
tribromo-N,N—dimethylaniline (not shown) is 0,86 D3 the angle of
twist in this case i3 probably slightly }ess than for VI,
' angles,
substituent assumed pyramidal with tetrahgdral bond le

\
l
|
|
k (b, bottom) Caleulated dipole moments. Full line,
i Broken line, substituent assumed planar.

; . ,
Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R002300040009-9




Declassified in Part - Sanitized
Copy Approved for Release @
50-Yr 2013/09/13 : CIA-RDP8
: - 1-01043R002300040009-9

ENERGY TRANSFER IN MOLECULAR COMPLEXES OF
SYM-TRINITROBENZENE WITH POLYACENES
I. GENERAL CONSIDERATIONS*
by
S. P. McGlynn¥¥
Coates Chemical Laboratories, Louisiana State University
and

Department of Chemistry, The Florida State University

and
J. D. Boggus

Department of Chemistry, The Florida State University

ABSTRACT

The emission spectra of T(, -complexes of aromatics
with sym—trinitrobenzene have been studied. It is shown
that after irradiation in the charge~-transfer band, two
emissions occur; one the reverse of the charge—tr,ansfel"
absorption, the other from a triplet level of the uncom-
plexed aromatic. Absorption spectra of complexes, their
total :mission spectra and delayed emissions are describ-

ed.
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Theorctical conziderations of the processes involved
lead us to presune that after excitation in the charge-
transfer band, some intersystem crossing occurs to a dis-
sociative triplet level of the complex. The resultant
production of uncomplexed aromatic in its lowest triplet
state then gives rise to the observed phosphoresccnce. State
correlation diagrams and plots of ionisation,potential of
aromatic versus the energy of the charge-transfer absorption

are also described.

*Portions of this research are taken from S. P. MeGlynn, Ph.D.
Dissertation, The Florida State University, Jane., 1956 and

J. D. Boggus, M.S. Thesis, The Florida State University, Jan.,
1956. The regearch was done under Contract AF-18(600)-678
between the Office of Scientific Research, U.S. Alr Force,

and the Florida State University.

*%Reprints available from SPM, Coates Chemical L&boratories,
Louisiana State University, Baton Rouge 3, La.

Declassified i - iti
in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/13 : CIA-RDP81-01043R00230004
: - - 0009-9



ENERGY TRANSFER IN MOLECULAR COMPLEXES OF

SYM—TRINITROBENZENE WITH POLYACENES

I. GENERAL CONSIDERATIONS
by

S. P. McGlynn

Louisiana State University

Coates Chemical Laboratories,
and

The Florida State University

Department of Chemistry,

and

J. D. Boggus

Department of Chemistry, The Florida State University

T NTRODUCTION

on spectrum characteristic of

The origin of the emissi
(TNB) with aro-

TC-complexes of symrtrinitrobenzene

many
Reidl observed a

matics is to a large extent uncertain.

1) C. Reid, J. Chem. Phys., 20, 1212, 1214 (1952).

general parallelism of the emission spectra of such complexes

with the Te=»3S luminescenc
since the anthracene - TNB ¢

3

e of the free uncomplexed aromatic

component; omplex had an emission

-
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k.

extending from SEOOA into the infrared, he assigcned, on
the basis of the above parallelism, an enexrgy of 19000 cm"i
to the lowest triplet state of anthracenc. An cnergy of

14700 cm i had already been assigned to this state by

. 2
lLewis and Kasha, and this value was later affirmed3 by

2) G. N. Lewis and M. Kasha, J. Am. Chem. S0C., 66, 2100 (1944) .

3) S. P. MeGlynn, M. R. Padhye and M. Kasha, J. Chem. Phys.,
23, 593 (1955) . '

M. R. Padhye, S. P. McGlynn and M. Kasha, J. Chem. Phys.,
2y, 588 (1956) .

vibrational analyses of the phosphorescence spectra of anthra-
cene and its derivatives. Despite this exception of the
anthracene-TNB complex, the great ma jority of the other com-~

plexes studiedu' did have emissions correspording almost

) M. M. Moodie and C. Reid, J. Chem. Phys., 22, 252 (1954 ) .

exactly to the T—S luminescence of the aromatic component s.
Indeed the remarkable spectral coincidence was interpreted
as mecaning that the triplet level of the aromatic was almost

6
unaffected energy-wise in the complexing process.s'

5) L. E. Orgel, Quarterly Rev. (London), &, hhe (1954) .

6) It was assumed, of course, that emission ocecurred from a
triplet level of the complex which was approximitcly described
as a product of the eround state wave function(*A g &) of TNB
and-the first excited triplet state ( Bzu ) of antliracene.
The energy of this level of the complex was supposed to be only
slightly different from its energy at infinite separation of
the components. -
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7
Bier and Ketelaar noted that the cmission and

) A. Bier and J. A. A. Ketelaar, Rec. btrave chin., 73,
261 (1954).

A. Bier, Rec. trav. chim., 75, 866 (1956).

absorption spectra of both anthracene~TNB and phenanthrene-
TNB were approximate npipror images." They concluded that
both processes jnvolved the same two levels, that is that
the emission process was the reverse (E —pN) of the
charge-transfer absorption (E€—N). This suggestion,

however, did not meet with a general a.cceptance.8 More

8) H. Sponer, Ann. Rev. Phys. Chem., 6, 193 (1955).

recently Czekalla, Briegleb and collaborator39 have extended

9) J. Czekalla, G- Briegleb, W. Herre and R. Gl;Lex", Z. Elec-
troohem., 61, 537 (1957).

the work of Bier and Ketelaar. These authors investigated
the molecular compounds of hexamethylbenzene with each of
eight different acceptor molecules (wacceptor™ in the Lewis
acid~ﬂase sense). The charge-transfer absorption of the
compiex shifted to the red as the electron affinity of the
acceptor component inereased; and the emission spectrum

red-shifted similarly so that in each case the wpirror-image"
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relation was maintained. Therc remajns then bub little
doubt that, at least for complexes of hexamethylbenzene,
the cmission is a charge~transfer (E—wN) emigsion.

For the particular complex tetrachlorophthalicanhydride—
naphthalene it was possible9 because of a large spectral
separation, to distinguish two emissions after excitation
with Hg 3650: one the reverse of the charge-transfer
absorption with half 1ife C = 10"9 sec, and the other
corresponding to the phosphorescence of naphthalene with

an unchanged half-life of a few seconds.lo’ll

10) J. Czekalla, E@turwisqenschaften, 43, W67 (1956) .

AL N S e R

11) J. Czekalla, Physik. Verh., 6, 104 (1955).

G. Briegleb and J. Czeckalla, Z. Electrochem., 59, 184
(1955).

J. Czekalla, A. Schmillen and K. J. Mager, ibid., 6L,
1053 (1957).

In view of these experimental results the following
interpretation seems reasonable: absorption in the charge-
transfer band is followed either by the converse emission,

or by intersystem cross‘ingl2 to a dissociative level of the

12) M. Kasha, Faraday Soc. Discussions, No. 9, 14 (1950).

complex which yields the aromatic in its first excited

triplet state. The aromatilc hydrocarbon then phosphoresces.
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ions from
We have arrived at virtually the same conclusio

es of TNB with naphthalenc,
both experimental

anthracene,
a study of complex

phenanthrenc and carbazole. This study was

and theoretical.
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EXPERIMENTAL RESULTS

It is not our jntention of reporting detailed experimen-

tal data here.l3 Rather we will give a brief resume of the

13) Paper IT in this series. In preparation for publication.

more important experimental facts and then elaborate on these
on the basis of the Mulliken charge~-transfer theory of TC

—complexing.lu The results are prescnted for the anthracene-

1) R. S. Malliken, J. Am. Chem. Soc., 72, 600 (1950); ibid.,
74, 811 (1952); J. Chem. Phys., 19, 51k (1951); J. Ehys.
Chem., 56, 801 (1952); JL. chim. phys. (France), 5L, 341

(1954) -

TNB complex,-which is fairly typical of the other complexes
studied. The obsgervations made on this gsystem were:
(a) The charge-transfer absorption band of the complex

occurs at L,600R with €, = 1s00.

(b) The complex was dissolved in a 1:1 V/V ethyl ether-
i sopentane solution, cooled to -190°C and irradiated with
filtered light of band pass ,000-4800 )4 ()\ max'u 4358 )
from a 1 KW. AH-6 water-cooled mercury lamp. Photography
of the resultant emission required 15 minutes. The emission
was a broad continuum extending from .5400 to 8200 % and
gsimilar in most reapects to that obtained by Rcid-l An over-

lying fine panded structure was observable in the .longer
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wavelength region of the continuum. The spectrograph used
was a Steinheil i{nstrument in a Raman setting.

(e¢) Execitation of the complex under similar conditions
to (b) above, but with a phosphoroscope interposed betwcen
light source and spectrograph, yielded an emission which
required two hours to photograph. This phosphorescence
was very slightly blue shifted from that cf pure anbhracene,3
but even though slightly more diffuse it corresponded '
accurately in vibrational detail to that of the anthracene.

(d) Excitation of pure anthracene dissolved alone in
the ether-isopentane glass, and under the same conditions
as (b) and (c) above, produced no observable emission, even
with exposure times of 24 hours and wide slit (2 mm). Similar
excitation of an ether-isopentane glass containing only TNB,
and exposure for 20 hours, produced no trace of a photo-
graphic image.

(e) Subtraction of the phosphorescence (c) appropriately
corrected’from the total emission (b), gave a reaultaﬁt
fluorescence which was a good #mirror-image" of the charge=-
transfer absorption.

(£) The lifetime of the phosphorescence (c), was of the
same order of magnitude as that of pure anthracene, and.
certainly not less than 103 secc. as evidenced by its ob-

gservation in a phosphoroscope of 10’b sec. resolving time.

The 1lifetime of the total emission (b), on the other hand,

is 10'9 sec.ll
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THEORETICAL RESULTS

The most complete consideration of aitro-complexes
11
thus far, suggests that charge-transfer interaction is
responsible for some 50% of the stabilization energy of the

15
ground statc. The wavefunction (WF) of the ground or

15) In this respect see, however, ecarlier papers of Bricgleb,
for example: Ge Brieglcb, and J. Kambeitz, Naturwisgsen-
schaften, 22, 105 (1934), and the more recent work of
H. Murakami, Bull. Chem. Soc. Japan, 26, il (1953); 22,
268 (1954) and 28, 577 (1955).

normal state of a donor-acceptor complex may be approxima.tely

writte nll*’

'éﬁ =0.é°+’e'éi

where &o is the no-bond WF é (A,B) and may be presumed

desgripﬁive of such dipoleuinduced dipole ef:fects, closed
shell repulsions and such perturbation effect;s of higher
order (i.e., }ondon Forces) as occur when the two components
are brought together, ecach in its singlet groun;i state, to

the equilibrium internuclear distance ,rAB. A is the Lewis

Acid and B the Lewis Basec. él is the singlét dative WF,
@(A-"‘B*) , which includes the effect of attractive
jonic forces, chemical bonding betwesn the odd electrons,

etc. We choose to lgnore other structures such as A—B

P
or A—B , where the star implies excited states of either
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11

16

At or B, which may contribute to &N or éﬁ , also.

16) However, in the futurc in expanding &o or & in terms

of MOt's we will consider these MO's as the offe clectron

eigenfunctions of the Hamiltonian for either TNB alone
or anthracene alone. This is done to facilitate
symmetry considerations, and is not expected to intro~
duce any CIrrore.

The WF of the charge-—transfer excited state is now
%* *
b = - ¢
E 1 o)

where a*cx a =x 1, and where b*a& b is very nearly zeroe.
The existence of a new absorption band characteristic
of the complex alone and corresponding to the transition
§E(_-§N (or E €~—N absorptior;) can now be predicted.
This absorption, despite the small resonance effect, can be
expected to be intense because of the large transition

moment lengths associated with it.

The no-bond WE may be written
&, = Rl XA AOR P, (n)

where N is the total number of clectrons in the complex,
9
and the \pA are the MO's, separately normalised. \Pe is
the highest energy £111led MO of the base and \.P3 o' C oty (Pn
" are those MO's of either A or B which arc unaffected by the
< . ‘he Y ] 2 ) M b
excitation élé—-&O The bar denotes apinx @ y no bar

denotes spin ()( . The dative WF may be written

- (o))
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1z

¥ $, =) 0, (TR ) Pal)

& differs from @ only :i.n that an electron has been
bransferrt.d from \P to the lowest energy unfilled MO of
the acid . differs from only in the orb:.tal
’ \PA én §I
interchange of \pA and \PB
A triplet state also derives from the qhargo-transfer

process, again describable approximately as

B, (Mg =0) = (3;~%)2- 25

where MS-O indicates this to be the component of the triplet .
gtate with spin component zero. In the cases Wwe congider,
the three components will be approximately degenerate. @2‘

Wi
will not interact 'obecausc of spin-orthogonality. :

o)

A'éertain gimilarity between the formalism used here to
describe the charge-transfer state and the simple Heitler-
London treatment of L:Lz is to be noted. Our basis is MO's
rather tha:n AO's, yet the neglect of t?he core interactions in
Lié is comparable to the neglect of all electron interactions
in the complex except those in \P or \P . In the case of
weak interactions this ncglect is exppcted to be quite
valid, and it 1s on this basis that the triplet state | E)

is drawn higher in energy than the 11‘: state in Figure Re
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1 te of TNB may be written
and the Ai"'(DSh) ground sta

B, (0=0) = (B ~3)/(2-25 i

where BS S‘P \PBIdz and
$ = (aly R 9, () RV 9y (3) ‘Pn(n\\

interchange of
only in the orbital
PR 61! 4 \P 1 arc the two unfilled MO's
\p and l.pa . \-PB an 8

to the
f that configuratlon of anthracene which gives risc to
o

is
513 state. A knowledgc of the geometry of the complex

P X

ecles &
necessary before we can say what gymmetry sp 3

belongs to. In any case § will not interact with §
2 int
unless @ is totally symmetr:xc with respe ct to the po

group of the complex.17 It is expected that these two

ic ——
) f we presume the ion
rtion is true only 1 oo
17) ﬁgﬁgoigsiesonance necessary for complex forma i

complex givev by

| 12
3, = (Bt &) [2+25e)
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1y

It is of energy 26700 cm"i when the complexing co-ordinate

is infinity.18 It should be noted that there is no a priori

18) E. Clar and Ch. Marschalk, Memoires Presentes 8 1a
Sociecte Chimique, 17, 434 (19507).

reason why the WF's &5 and & 4 should be of no-bond type.
They are such only because we assume no unpairing of the
TNB electrons. This assumption is probably not quite true.
The energies of the combinations A,B , A,B (BBZu) and
A,B (1 BZu) at T’AB"OO are known experimentally. Thus,
if the minimum in the potential energy curve of the ground
state of the complex is designated the zero of energy, the
energy of A,B isth 1540 em~+, of A,B (3 By ) 16470 s
and A,B (1B2u) 28240 cm"i . The energy of the A~,BY com-
= OO is approximately 55500 cm"i , a value

B
- which may be arrived at in two ways. Thus from the ionisa-

bination at Y,

tion pot'.e'nt:i.za.ll9 of 7.83 evs, and an estimate of 1.1 ev. for

) N. S. Hush and J. A. Pople, Irans. Faraday Soc., 21,
600 (1955)-

the electron affinity of TNB (see appendix) we obtain a

i

value of 55640 em™ ™ . Conversely, we may work backward.
The position of the charge~transfer state, iB, is 22300 cm"i;
the electrovalent attractive force between the two ionic

species in the 1‘3 state as estimated from the orbital charge
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15

L di.stributions in THB  and in the anthracune cation is 3.4

- . eve ’YAB = 3.5 8); the overlap",'o of two 2p, orbitals

20) R. S. Mulliken, C. A. Rieke, D Orloff and H. orloff,

J. Chem. Phus., 17, 12u8 (1949) . Solf-consistent-field

2p, AO overlap integrals warc uscd. These SCE AOS f“'"‘ qu.'\te
diff.rent, and prosumably petter S values tunan the
corrcgponding Slater AO's, at large an distances.

at a distance of centers of 3.5 R is S(2p,s 2Pz) = 0.09,
leading to a covalent binding cnergy for six such orbital
pairs of about 0.5 eVe; in this manner a value of 54000 cm
is obtained for the energy of A, B*.

It now remains to introduce symmetxry considerations.
Twio possible highest symmetry structures are envisaged for
the complex. These are of sandwich type with the planes of
the both partners parallel pecause of the dipole——induced-
dipole orientation effects. They belong to point groups Ci.h
and Cih’ respectively (see Table I.). The axes are defined
in Figure 1l. The ground state of TNB (see appendix) is 2‘E.
in Dzh» and that of the anthracene cation is % Boo 1n'D2h-
These transform as follows: ‘

aE“ (Dsh); 2.’)\‘, 2\ (Cqn oF Cih)

25, (Dg)i OA (Cyp), 2a (cy,)

in the point group defined by the compleXxe The lowest
1,5,4
»

excited states of anthracene 1,313 u (Dzh) transform as
]
(Cqn) Phe lowest excited singlet state of THB of n,T(.

- o ‘ ]
type is either 1A' or 1A‘ (C 111)'
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TABLE I
l Point Groups Defined
! axes
E ZyX
Cqn | E ZyX axes Cq4n
| / 1 zZ,¥
Al 1 2,X A 1
" -1 x
1
AR -1 y A

&
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Using the above energy and symmectry congiderations
we have plotted Figure 2 for the anthracene-TNB complex
belonging to point group C{h. A number of points are to

be noted. Potential crossing occurs between the SN*

( 3A“ ) state which correlates with 3 BZ“ of anthracene,

and the 1E state which is shown correlating with ?‘Bzg of
B*. Thus {mmediately following the charge-transfer

(E «—N) absorption, process ( 1 ), energy should revert
by intersystem crossing from the 1"E ( iA' ) state of the
complex to the SN*( bA” ) state. The vibrational energy
of this state is novw greater than its dissocliation energy;
accordingly production of freec anthracenein its zsBau state
and of free TNB in its ground state should occur rather
rapidly after crossover. The phosphorescence emission of

anthracene, 3 B -—-—?11\. , should then occur with practically

the same lifetizr;l: as t}gla.t of pure anthracene. This is
denoted process (11i) in Figure 2. This intersystem
-conversion of energy competes of course with the emission
process (ii), which 1s a charge-transfer fluorescence.

We thus conclude that {mmediately following excitation in
the E ¢— N band, there should occur not only a strongly
allowed fluorescence (1i), but also the lowest energy T —yp S

emission (111) of the uncomplexed anthracene. These con-—

clusions accord well with experiment. The slight diffuseness

of the phosphorescence may be due to some vibrational
inactivation of the BN* (31\“) state of the complex, and

consequent emission before dissociation.
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: Tt is perhaps appropriate to make the following point
here. If ionic~~no-bond rasonance is a primary stabilizing
effect in the ground state of the complex, the charge-
transfer state mist be of the totally symmetric species.
This condition can be fulfilled for any 1:1 complex of
anthracene since the maximal geomctr;c symmctry is so lows
It will not, however, be generally the case for complexes
where higher geometric symmetries are possible (cf.
benzene—Clz). Tn this particular instance the maximal
geometric symmetry will be limited by the necessity of
rcsonance. However, any configuration of lesser symmetry,
where permitted, can exist. All that the resonance condition
implies is8 2 knowledge of the higher geometries possible.

o All other appropriate geometric confipgurations will exist
to some extent in thermodynamic equilibrium.

Benzene-TNB Complcx. - The maximal geometric symmetry

is'va. The ground gtates of THB™ and the benzene cation
transform as

Qg (DSh);zE(Cav)
r .
Eyg (Dgp)s ag(csv)

Geometry CS 18 thus quite allowed by the {onicw=no-bond
resonance condition. The lowest triplet state of benzene,
3 -1
1u(D6h) or “A(Cyr ), lies at 30i7u em” The E ¢—N
transition is of energy 33300 cm . The lowesbt singlet state

of TNB (Y\Jt type) is at energy higher than 25000 cm.iand can
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be of species E,Aq OT AZ in CBV. Consequently, since

incipient crossing of cither of the potunﬁial curves

correllating with A“(iE),B or A¥(1Aa),B can occur with

the charge-transfer potential curve, enexrgy transfer
should occur to somc axtent to yield PNB in an excited
singlet state. However, THB does not fluoresce or
phosphoresce, this probably being due to energy
localisation in, and subsequent disruption of; the

aryl—NOa bondzl (for which Dyt 58 Keal/mole).

21) Th. Forster, nFluorcszenz Organischer Verbindungen,*
Vandenhoeck and Ruprecht, G8ttingen (Germany), 1951,
p. 117f.

Th. Forster, Z. Electrochem., 56, 716 (1952).
E. Lippert, Z. Physik. Chem. (Neue Folge), 25 D» 328
(1954), J. phys. radium, 15, 627 (1954 ) -

m—a————

The emission properties of benzene-TNB have not thus
far been jnvestigated. It should prove valuable, since if
any emission is observed i1t will be explicable only by
competition of processes (ii) or (iii) with the aryl NOZ'-bond'
dissociative process.

Naphthalene-f'l‘NB. Naphthacene-—TNB and Phenanthrene~TNB

Complexes. - These complexes can belong to point groups

Cih’ C"l.h’ or lower. Since the E <N absorption of the
naphthalene-TNB complex is at 217600 cm’i, energy localisation
in the aryl-NOa bond may compete wvith the E —3N and T — S5
processeSs However, we have obscrved both of these latter

emissions.22
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is laboratory, have
hthune~TNB complex.
—yN), the other 2
aphthene. Excita-

22) R. V. Nauman and C. Garrett, in th

observed two cmissions from thianap
(presumably E

i onc is a fluoresecnce
phosphorescancu probably of the thian
tion was seclective, but the phosphorcscence was not
photdgraphed. .

The E€—WN absorption of naphthacene-'l‘NB should occur
at 17500 cmfi, somewhat lower in energy bthan the 2nd excited

at 19600 cmfi. Accordingly,

1et state of naphthacene
nd might afford a means

trip
excitation in the charge—transfer ba

west triplet state of naphthacene

which has been observed in absorption at 10250 cmfi‘but which
detected in emission.3’23

of excitation of the lo

has not yet been

ion

23) S. P. McGlynn and M. Kasha, in preparation for publicat
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APPENDIX

(A) ENERGIES OF CATACONDENSED CATIONS.~-~ This question

may be approached by the perimetex method of Moi;\itt.‘u We

: £
2L) V. Mo:&‘;‘.tt, J. Chem. Phys., 22, 320 (1954). This paper
should be consulted for details.

consider a cyclic polyene of general formula CavtaHav2.
carbon atoms are numbered gerially from 0 to LY +1 on going
around the ring, with carbon zero on the y axis. The MC's
may be specified {mmediately as linear combinations of ZpW

carbon AO's Xy
4+

iR /4V .
\pi :.-.Q'jz eZTtl,l /4‘ +2 Xk R 3:0’*1‘....’3:2?’2\’-*1
k=0

The one electron encrgy 6'1‘ associated with \Pj is a mono-

tonically increasing function of 1 with ej = E_i .« We

may thus specify two isoenergetic electron configurations
.

for the cyclic polyene C 49+2 H4,,.+_a. These are z®1
and 2@2‘ , two of the intcracting components of which are

2@2 = | \?,,\}(1)“5*9-(33 ¢ (3)\ ‘

2 @‘Z = ‘ . .\p_\?(ﬂ’\p'__v@) "P+\9‘(3)\

To complete the distortion of the D(4'\9'+2 )h polyenic cation
to the point group of the cation of interest we make use of

the one electron Hermitian opcrators

Av+y
=z
11
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: s - o
The first ordur int. raction matrix 18
(0] .

@y | 1~ h—&,—v "h\‘r;wr

‘8, | “\'”—\'r,v ‘l“\‘vﬂr |

q E; v I = g
g

p(' b

P = Z h
it
The ground gtate WF is given by

2@, = 1| (Fo,- ¢t ‘@)

and the excited state by

¥
a®€. = 1/&: (281'* ("'1) %®2)

The transformaticn properties of these states of the :ati:z: |
are easily derived from those in the D (4 V" +2)h point g
These are given in Table II for approprinte 0}'>e:'m'oion.'ss;nc

Oon this basis the cations of naphthalene, an.thr:.xc . ’
naphthacene and phcnanthrene have ground states of specic;s
2A1uw2.h)’ 2B38(D2h)’ 2A1u(DZh) and zBa(sz" respecti;r‘e y
The configurational splitt‘,ing in the case of the flinea
polyacencs is given by (2,\7""2. )P/(Z&*ﬂ, and for

5 .
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phenanthrene is 0.127 @ , where P is the resonance intcgral.
The following quantities are defined:

hoy =2 22 ws{mn-mw/(wm] ol 2

2 2\7'4'1 m nym

e i (/G +1)]
\\'\7-, 2 f_ e —-h_\?_’\’_

- v+l T nom
The summation extends in each case over pairs of serial
numbers between which bonds are formed in the distortion
process. Thus for anthracene (Figurc 1), there are two terms
in the summation: m =1, n = 6 and m = 8, n = 13,

(B) THE RELATION OF E4—=N TRANSITION ENERGY TO JONIZA-
TTON POTENTIAL FOR AROMATIC — TNB COMPLEXES.-- A linear
relation between the ionisation potential of the base and
—

\Va of the E4— N transition is a general characteristic

of charge-transfer complexes of the same acid with different

bases.25 It is to be noted that this lineatity has very

25) S. H. Hastings, j. L. -Franklin, J. C. Schiller and F. A.
Matsen, lo _A__m_.- Chem. Sogc, 2_5, 2900(1.953).

1ittle basis in theory2® and that many experimental deviations

26) R. S. Mulliken, Rec. trav. chim., 75, 845 (1956).
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TABLE II

Transformation Properties of Configurational

and State WF's
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25

27
from it have been noted. However, within a group of

27) C. Reid and R. S. Mulliken, J. Am. Chem. Soc., 6, 3669
(1954); S. Nagakura, ibid., 80, 524 (19587

closcly related donors, egspecially when the ionisation

potential (1P) range spanned is relatively small, lincavity

is not entirely unexpected.

Unfortunately experimental values of Ip are not known
for many aromatics. They may be evaluated rcadily in terms
of the discussion of (a); however we choose to use the
whetter theoretical® values of Hush and Pople.19 These are
plotted against —\i' max 17 Flgure 3. The excellent linearity
obtaining, affords good confirmatory support of the charge-
transfer origins of this absorption band.

(c) SYM-~-TRINITROBENZENE AND TITS GONJUGATE ANION.

The TC-group orbitals (Gots) of the hexagonal carbon
skeleton of TNB are Just the W—=M0Ots of benzene. The

groups are each replaced by a negative carbon atom ¢~ as the
initial step in the calculations. In the sense of the
gkeletal carbon atoms these C atoms are not nearest
neighbours, and the two GO's embracing these centers are
energy degenerate. The GO's embracing the skeleton and
those of the ¢~ system are symmetrically disposed energy-
wise with respect to the group theoretic species (in Dzp
only) and energye. Interaction will then be to a first

approximation also symmetric.
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26

Efforts were made to take account of the inductive
mpared
ffcct due to the differcnce in field of Noz as comp
e 3
- t
P ,qonance effect due to the TC ~orbital
to C, and of the reso
m a
xtension Constants involved were evaluated fro
e .
tronic
Qoétulated spectroscopic assignment of the.elec
. This
transitions of TNB and an jonization potential
ra
s f lol eVe
agsignment was itself tenuous, and the value o
ned.
for the electron affinity of TNB can be questio
- ved
The ground configurations of TNB and TNB are belie
accurately given by 4
" o )
o]
L] . L] L] L] (aa ) (

oooo(a‘a.z

2

4
(ag ) ("

i

Y (e * (a‘é 2 (" )*(e" Y » RE",

respectively.

#
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1.- The two highest geometrically symmetric forms of
the anthraccne-TNB complex are depicted in (a) and
(b). The heavy lines in the case of (a) merely
jndicate the positioning of TNB directly above,
the central hexagon of anthracene. The cholce of
axes in (¢) is that of MeClure, Craig, Ross and
Sponer, and is to be distinguished from that of

Moffitt and Platt.
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y, SHORT AXIS

(C) AXES AND NUMBERING
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Figure 2.- A correlation diagram for the electronic states

of the anthracene-TNB complex - for which geometry

Clih ig assuwed. A refers to Lewis acid, B to

Lewis base. Symmetries of the excited states for
each of the three speciles present are shown }n
columnar form under the appropriate point group

syﬁbol. Text should be consulted for more detail.
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Figure 3 - A plot of W ___ of the E<—N absorption band of
the complex versus the ionisation potential of the
base. The values of —\;‘ max used are from the
présent work except that for benzenéuTNB, which is
taken from D. M. G. Lowrey and H. McConnell, J. Am.
Chem. Soc.,, 7k, 6175 (1952).
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BENZENE - TNB

NAPHTHALENE - TNB
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